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Abstract

The substantial demand of the customer for the conservation of natural resources and of
the environment puts pressure on the automotive industry to reduce fuel consumption
and emissions. One response to this challenge is to reduce car body weight. Hence car
body development has shown an increase in the use of light weight materials that
demand new production methods and joining technologies. Accordingly car body
engineers have progressively less time to assess the manufacturing cost of an increasing
number of new design concepts with new material and corresponding joining
techniques.

A review of the pertinent literature shows that there is no established methodology
enabling automotive body engineers to make a rough manufacturing cost estimate of
different new design concepts in the early phase of the Product Development Process.
The aim of the present thesis is to provide car body engineers with a cost estimating
methodology that makes it possible for them in the preliminary phase of the design
process to estimate the manufacturing cost of new design concepts more systematically,
hence more reliably, thus enhancing cost reduction.

The methodology is based on the notion of Standardised Working Contents, which, as
fundamental units of work, enable designers to compare the financial requirements of
various new design options with greater facility and greater accuracy. Furthermore the
methodology identifies the most cost efficient Joining Technique combination with a
high degree of reliability.

Economical and technical data required for the methodology are gathered from an
industrial survey in collaboration with the design, planning, finance and manufacturing
departments of a leading automotive company.

Dynamic Programming taken from the area of Operations Research is employed to
provide the optimal Joining Technique combination in terms of manufacturing cost of
the car body design concept under scrutiny.

Results obtained from an automotive industrial case study confirm the effectiveness of

the methodology while pointing out its limitations and possibilities.
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1 Introduction

1.1 Background

The development of new products has become a focal point of industrial competition.
For senior managers around the world, developing better products faster, more
efficiently and more effectively is at the top of the competitive agenda [Elliot, Wright
and Saunders, 1998]. Evidence is mounting that effective design and development of
new products have a significant impact on cost, quality, customer satisfaction and
competitive advantage [Ullman, 1992].

Ehrlenspiel ef al. [2006] states that a project to develop a new car is extremely complex
and long lived; it may involve hundreds even thousands of people over many years.
Planning and design are complicated by changing markets, long lead times and a
multiplicity of choices. Engineering complexities include the numbers of parts and
components, high levels of cost and quality, the number of competing objectives and
ambiguity inherent in customers’ product evaluation. These characteristics make the
development of a new car a fascinating arena in which to study the management of

product development [Urban and Hauser, 1993].

1.2 The Original Problem

The increasing use of advanced composites in the automotive industry has led to the
development of new methods and equipment for manufacturing these new materials and
structures. In this relatively new field of design estimating the cost of new design
concepts is becoming a more complex affair; at the same time pressure is mounting to
shorten the process of product development [Ehrlenspiel, 2006]. Consequently cost
management plays an ever-increasing role: expenses must be controlled so that profit
expectations can be met. Hence, there is a demand for methods of estimation that can
provide information on product cost as early and as quickly as possible. Existing cost
estimation techniques cannot fulfil these new requirements especially in the Preliminary
Work Phase of the automotive Product Development Process where the correct choice

of new design concepts is of critical importance.
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In car body engineering, known as Body-in-White design, designers do not have at their
disposal a method for assessing manufacturing costs of various new Body-in-White
design options. At present, this is a time consuming procedure involving a high number
of iterations that may take up to several months and relies on input from the design,
planning and finance departments. According to Nifll and Lindemann [2004] the lack of
data affecting the current manual process often leads to erroneous estimates of design
cost, which results in lost opportunities or unexpected expenses. If there is a change in
design, the cost of resultant changes in activities and resources has to be identified
manually so that the project’s design remains within budget [Hutterer, 2004]. Staub-
French et al. [2002] state that without automated support to customise cost information,

Body-in-White designers often employ ad-hoc methods that are prone to error.

1.3 Research Problem

1.3.1 Research Aim

The aim of this research is to develop a methodology that will enable Body-in-White
designers (or managers) to compare the manufacturing costs of different new design
concepts more systematically, hence more reliably, thus enhancing cost reduction in the
Early Phase of the Product Development Process. The purpose is not to provide a
method for calculating accurately the manufacturing cost of the product as a whole, but
to provide engineers with a good method for estimating the relative cost of various

design options in the Preliminary Work Phase.
1.3.2 Research Hypothesis

The research will proceed on the assumption is that it is possible to develop a
methodology for estimating the relative manufacturing costs of different Body-in-White
design concepts on the basis of information contained in the specification data of the

new design concepts.
1.3.3 Research Objectives

The primary objective of the present study is to realise the above stated aim by
developing a procedure for identifying the optimal combination of Joining Techniques

for a Body-in-White design concept.
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The subordinate objectives are the following:

1. To develop a definition of the Body-in-White Working Content as the
mathematical unit for the above mentioned procedure.

2. To establish a mathematically definable connection between Working Contents
and Joining Techniques.

3. To collect raw data and put them into a form that will make them serviceable for

the development of the methodology sought.

1.3.4 Research Scope

If the research project is to meet time requirements of the research project the following
strictures will be observed. The study is addressed to the work of Body-in-White
designers of the automotive industry. The aim of the research is to provide them with a
method of Body-in-white cost estimation, not a method of cost calculation. It is
intended to compare the cost of various new Body-in-White design concepts in the
preliminary phase of the Product Development Process by finding the optimal
combination of Joining Techniques. This methodology is not designed to replace the
later process of cost calculation in the Product Development Phases. The domain is
confined to automotive companies with a large production range of Body-in-White

units.
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1.4 Thesis Outline

This thesis is organised as follows. In Chapter 2, a literature review takes stock of the
various topics relevant to the research. There is a discussion of the importance of cost
management and of various approaches for cost estimation and calculation. The Product
Development Process as a whole is outlined, with special attention given to interaction

between Design, Planning and Finance in the Early Phase.

Chapter 3 describes pertinent research methodologies with their techniques of data

collection; on this basis a research strategy for the subsequent study is worked out.

In Chapter 4, an industrial survey is conducted by means of data collection techniques.
This survey investigates and evaluates information pertinent to the development of
sheets, templates, matrixes and tables required for the development of a cost estimating

methodology based on optimal Joining Technique selection.

In Chapter 5, an algorithm is formulated on the basis of the Body-in-White joining
process. From this is derived a cost estimation methodology comprising all data and

results pertinent to the research problem.

Chapter 6 provides an evaluation of the cost estimation methodology by means of its

application to an industrial case study.

Chapter 7 gives a discussion of the research results, followed by the contribution to
knowledge. There is then a discussion of the conclusions which considers and validates
the research aim, the hypothesis and the objectives. Finally, limitations of the

methodology and possible avenues for further research are pointed out.
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1.4.1 Structure of the Report

The structure of the report is presented in diagrammatical form in Figure 1.1 This
diagram should help the reader follow the structure of the thesis, as well as understand
the logical connection of the elements of the research project and their relevance to the

project as a whole.
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Figure 1.1: The Logical Structure of the Research Project.
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2 Literature Review

2.1 Introduction

Once the research problem with its aim, objectives and scope is defined, the literature
review is carried out to appraise current thinking and research on the problem of Body-
in-White design and to bring together sufficient information on existing cost estimation
approaches. The scope of the literature and industrial review takes in the following

subject areas.

o Impact of Cost Management

. Automotive Product Development Process

. BIW Design in the Early Phase of the Product Development Process

° The application of Joining Techniques in the BIW manufacturing process

. Interaction between design, planning, finance and manufacturing departments
e  Product cost structure

. Methods for cost-effective Design

The literature review has two principle purposes. First of all, it will provide the
theoretical background on which the hypothesis of this research is built. Secondly, the
approaches to re-engineering supply a basis for the development of a cost estimating
methodology for Body-in-White design in the Early Phase of the Product Development
Process.

Based on the Problem definition (see section 1.2), the review will examine

. the phases of the Product Development Process.

. the necessity of coherence in the interaction of Design, Planning and Finance

. the practical and theoretical requirements for the development of a cost
estimation process to compare different Body-in-White design concepts

. The generic elements of a cost estimating process for the Body-in-White area.

. The finding of general existing cost estimation processes that are possibly

applicable to the research problem.
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2.2 The Role of Cost Management and a BIW designer in the

Automotive Product Development Process

More than ever companies are required to gain and hold a competitive edge in their
particular market sector, especially in the face of strong competition from such Low
Cost Economies as China and India and their emerging counterparts in Eastern Europe
[Delgado and Stockton, 2007].

The economic success of the automotive industry depends on its ability to identify the
needs of customers and respond with quick development of new products that meet
these needs and can be produced at low cost. According to Ulrich and Eppinger [2000],
the achievement of these goals is not solely a marketing problem, nor is it a design
problem or a manufacturing problem,; it is a product development problem involving all
of these functions. In addition to this basic conclusion Winchell [1990] asserts that cost
estimating is critical to the success of any company that competes in today’s
marketplace. It provides information on the cost of future products. This is in contrast to
cost accounting that keeps track of what current products cost. Only early and reliable
cost estimation provides a company with the chance of making early improvements and
modifications of their products, design and manufacturing processes. This statement is
supported by Bralla [1986], who argues that the most significant cost savings can result
from changes in product design rather than in production methods. Hoegh [2000] affirm
that the management of cost estimation and calculation over the long period of product
development is of critical importance for the success of every company that
manufactures its own products.

Most people without experience in product development are astounded at how much
time and money is required to develop a new product. Ulrich and Eppinger [2000]
suggest that the reality is that very few products can be developed in less than one year,
many require three to five years and some take as long as ten years. Ehrlenspiel et al.
[2006] claim that a project to develop a new car is complex and long-lived; it may
involve hundreds, even thousands of people over many years. These statements describe
on one hand the accentuated need of cost estimating for cost management and on the
other the time length and complexity of automotive product development. It shows that

only companies which keep track of cost within their complex Product Development
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Process are successful in today’s market. Within this process the Design to Cost (DTC)
moment plays an increasingly important role. The objective of DTC is to make design
converge to an acceptable cost, rather than let cost converge to design [Rush and Roy,
2000]. DTC activities, during the conceptual and early design stages, determine the
trade-offs between cost and performance for each of the new design concepts. DTC can
effect massive savings on product cost before production begins. The approach is to set
cost goals, then allocate these goals to the elements of the product. The designer must
then confine his approach to the set of alternatives that are within the cost budget.
According to Rush and Roy [2000], this is possible only if a tool set is developed that
can be used by designers to determine the impact on cost of their decisions. The purpose
of such a tool is to make enough cost information available to the designer to enable
him to base decisions on it. From this it follows that DTC plays an important role in the
BIW design process. The BIW designer needs a reasonable method that enables him to
estimate the cost of his new BIW design concepts and to meet prescribed cost targets.
Early stage of development

According to Ehrlenspiel er al. [2006] of all the stages in automotive product
development, the most important is the concept phase, which is called the front-end of
the process. Baxter [1995] asserts that a key to success in product development is,
therefore, to invest time and effort during the early stages of design to avoid having to
make costly changes later. By the time detailed design is reached, most of the cost has
been committed even though it is not yet spent. As a result of this pattern of cost
commitment, potential cost reductions are greatest early in the design process. Another
result is that the cost of making alterations increases sharply as development continues.
If the design is changed at the concept stage, only sketches and models have to be
revised. Wheelwright and Clark [1992] supported this statement and added that changes
during production engineering can involve re-commissioning tooling at enormous cost.
Proof of the importance of the early stages in the development process is that those
products that were thoroughly assessed and stringently specified in early development
were three times more successful than those less effectively assessed and specified.
Dertouzos et al. [1989] argue that the more problems are avoided in the Early Phase

through careful design, the less they will have to be faced later on, when they are
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difficult and expensive to deal with. This conclusion has validity not only in terms of
technical problems, but also in the area of failed cost management and estimation.

Swift, Raines and Booker [1997] claim that an organisation has greatest control over
product cost at the early stages of the product’s development - called Early Phase of
development.

All these statements confirm the importance of cost estimating in the Early Phase of the
Product Development Process. They identify the potential of cost reduction by
estimation during the cost management process. It comes clear that it is profitable to
invest time and effort during the early stages of design to detect rising product cost that
will reduce the later profit for the company.

Delgado and Stockton [2007] add that for this reason cost estimations in the early stages
of the product development process, when 80% to 85% of the product costs are
committed, is essential. Additionally Cooper and Kaplan [1998] confirm that costs
‘fixed’ at the planning and design stages in product development are typically between
75% and 85%, but the costs actually incurred may be only 5 % of the total committed
for the project. Also Rush and Roy [2000] showed that 70%-80% of a product cost is
committed during the concept phase. Making a wrong decision at this stage is extremely
costly further down the development process. Likewise Ehrlenspiel et al. [2000] declare
that with the development of a new design concept, 70% to 85% of the technical
properties - and hence costs - are fixed.

In a nutshell it is confirmed that around three-fourths of the product costs are committed
in the preliminary phase of the Product Development Process. It becomes apparent that
the BIW cost estimating methodology of the present research project will be required in
the early stages of the design process. The coherence between the Commitment and
incursion of costs during product development is illustrated in Figure 2.1.

In the beginning of the product development process the technical and economic
knowledge about the new product is low but the ease of effecting technical changes is
high, i.e., they are not costly. Additionally the cost incurred for design activities and the
cost/technical commitments are low. In the course of time within the development
process this percentage will change as represented in Figure 2.1. There arises a

‘knowledge gap’ between the technical and economic knowledge on one hand and the
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cost/technical commitment on the other. The biggest knowledge gap can be identified in
the detail design and development phase of the product development. Technical and
economic knowledge at that point are not sufficiently high as necessary to fill the

knowledge gap. This shortcoming will be reduced in the production phase by specialists

from technical Planning and Finance.

X Contribution Cost/technical commitment

100%
! ¥

85%

»

{11/ T Eemme—— .

Knowledge gap

Ease of change

Knowledge gap

5%

N Conceptual/ Detail Construction System use,
e preliminary design and and/or phase out
e design development production and disposal
d

Figure 2.1: Commitment and incursion of costs during product development and the ‘knowledge gap’

principle [Pahl and Rieg, 1998].

The difficulties of estimating at the conceptual design phase are well recognised [Pugh,

1992; Crozier and Guenov, 1994; Meisl, 1988; Westphal and Scholz, 1997]. Rush and

Roy [2000] show that the major obstacles estimators must address are:

¢ Limitations in the amount of available data relevant to the new development;

¢ Technological step changes during the life span of product development;

e The estimates need to be accurate.
Therefore estimators need company-wide co-operation and support to assist them with
their decision making. With reference to the stated aim of the present research, this

means primarily that the BIW cost estimating methodology is to be used by the designer
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in close collaboration with the planning and finance departments. This is of critical
importance. In this respect the role of the BIW designer takes on an added

responsibility.
2.2.1 Role of the BIW designer

As the previous investigation has shown, the biggest knowledge gap exists in the detail
design and development phase, which is the domain of designers.

Craig [1992] claims that historically, designers have concerned themselves with product
styling, function, quality and structural integrity but not with cost estimations or
calculations. This statement sheds light on the fact that the greatest knowledge gap
affects precisely that phase in which the operatives are mostly designers. Similarly,
Welch and Dixon [1992] make a case for the primary tasks of a designer, which are
driving factors in determining the ‘time to market’ of products. Kelkar [2001] adds that
the designer has the great responsibility of ensuring that the product will conform to
customer requirements, comply with specifications, ensure quality and reliability in
every aspect of the product’s use; and all these goals have to be met within a highly
compressed time frame. Shetty [2002] claims that designing a product involves a
constant decision-making process that includes problem solving in a sequential fashion
and analysis of constraints at each step. As far as quality is concerned, the designer must
aim to achieve the standards demanded by the specification; these, furthermore, must lie
within the capabilities of the production department. According to Oakley [1993], many
designers have practical experience with production and fully understand the
capabilities and limitations within which they must work. Unfortunately, there are also
many who do not.

These comments give a general idea of how extensive the area of a designer’s tasks and
responsibilities is. Primary the designer is well trained to deal with technical problems
and to find their solutions on the basis of product specifications. So the designer may
state precise requirements on the weight, stiffness, material, reliability etc. of the
product, but can make practically no accurate statement about the cost of its
development and manufacturing. Furthermore the increasing sophistication and variety
of product functions and consumer values have made design work more complicated.

However, if there is no balance between design factors, such as safety, aesthetics,

11
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ergonomics etc. and costs, the product may fail. Therefore, as Ichida [1996] observes,
high performance in the area of early product cost estimating should ultimately lead to
€Conomic Success.

In the case of BIW development, which is the spearhead of vehicle development
process, the designer has to make a great number of decisions upon which subsequent
developments like chassis, engine, interior and exterior are to depend. Technical
changes or substantial modifications involve extensive and costly re-working in
subsequent phases. This points clearly to the necessity of a methodology or tool that can
bundle information in such a way as to permit cost estimates of new BIW design
concepts. Furthermore it is of critical importance that the BIW designer be able to apply
the cost estimating methodology at any time and independently of other departments

involved in the Product Development Process.

2.3 Vehicle Product Development Process

In the following the vehicle Product Development Process is described in detail to
reveal the tasks of departments dependent on time for successful product development.
This step is important for the understanding in which phase of the Product Development
Process the cost estimating methodology will be applied. Subsequently the general
process of Body-in-White design with its contribution to total car cost is presented. The
demand of new Joining Techniques is pointed out and a general overview of the major

joining processes is given.
2.3.1 A generic Vehicle Product Development Process

Companies need a systematic Product Development Process that must be communicated
to the participants. The actual process by which product designers implement their tasks
and responsibilities are typically a function of the individuals involved. Their
approaches, degree of documentation and habits are unique and randomly acquired.
Hence, it is sometimes difficult for one person to follow up another’s work without
being familiar with design philosophy and approach of the former.

A clearly defined and well-organised PDP lies at the heart of an effective engineering
environment; yet only a few companies have realised the potential advantages it offers.

If improvements are to be made, the process has to be analysed and understood in detail.

12
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Figure 2.2: A generic automotive Product Development Process.
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A new, fast, low-cost process has to be defined and then implemented. Probably many
existing tasks have to be removed and some new ones added. According to Shetty
[2002], overall organisation of the process changes significantly.

A PDP is the sequence of steps or activities an enterprise employs to conceive design
and commercialise a product. Many of these steps and activities are intellectual and
organisational rather than physical. Most automotive companies define and follow a
precise and detailed PDP, while others may not even be able to describe their processes.
Furthermore, every company employs a process at least slightly different from that of
every other company. In fact, the same enterprise may follow different processes for
each of several different types of development projects. The generic PDP of the
automotive industries consists of three main phases with particular sub-phases as

illustrated in Figure 2.2.
2.3.1.1 Strategy phase

The goal of this activity is to understand customer’s needs and new design trends. The
output of this step is a set of carefully constructed statements of customer needs
organised in a hierarchical list with importance weightings for each need, a so-called list

of target visions.
2.3.1.2 Preliminary work phase

Initial phase: The list of target visions provides a precise description of what a product
has to do. They are the translation of customer needs into technical terms. Targets for
the specifications are set early in the process and represent the hopes of the development
team. Later these specifications are refined to be consistent with the constraints imposed
by the team’s choice of the product concept.

Concept phase: This phase follows the guiding principle: Formulation of adequate,

marketable, competing vehicle concepts, and derivation of the model-orientated pre-
developments and preliminary work to be synchronised with these concepts’. The
parallel formulation of the commissioned vehicle concepts in competing,
interdisciplinary concept teams working side by side will be the main task. The concept
selection is the activity in which various product concepts are analysed and sequentially
eliminated to identify the most promising concept. The process usually requires several

iterations and may initiate additional concept generation and refinement. The result of
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this activity is usually the definition of a design trend, established on the basis of initial
design models.

Preparation phase: three tasks are involved: co-ordination of and agreement on the

selected vehicle concept for stable series development, resolution of target conflicts and
creation of a project organisation for series development. The total selected vehicle
concept must be defined in a manner sufficiently detailed to permit resolution of
conflicts pertaining to target and ensure mastery of the business case; furthermore there
must be planning for product innovation. When these goals are accomplished, the
preparation phase is concluded by formal signature of the target agreement. At this point

the project is commissioned for series production (“point of no return”).
2.3.1.3 Series development phase

Coordination phase: This phase includes the complete specification of the geometry,

material and tolerances of such parts as are to be unique to the product, the
identification of those parts that are to be standard and a decision as to which of the
latter are to be procured from suppliers. A process plan is established, and tooling is
designed for each part to be fabricated within the production system.

The output of this phase is the control documentation for the product — drawings or
computer files describing both the geometry of each part and the production tooling,
specifications of the purchased parts, and the process plans for the fabrication and

assembly of the vehicle.

Confirmation phase: This phase is for testing and refinement. It involves the
construction and evaluation of multiple pre-production versions of the product. Early
(alpha) prototypes are usually built with production-intent parts, i.e. parts having the
same geometry and material properties as hose intended for the production version of
the product, but not necessarily fabricated by means of the actual processes to be used in

production.
2.3.1.4 Series production phase

In this, the so-called production ramp-up phase, individual products are made by the
system devised for production. The purpose of the ramp-up is to train the work force
and work out any remaining problems in the production processes. Products produced

during production ramp-up are sometimes supplied to preferred customers and are
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carefully evaluated to identify any remaining flaws. The transition from production
ramp-up to ongoing production is usually gradual.

According to Ichida [1996], the design, planning and finance departments are the three
main pillars of the automotive development process. Inside this tradition, the design
department makes sure that both the planning and finance divisions turn out products
that strictly adhere to their drawings and specifications. The coherence between these
departments is essential for successful product development and cost estimation. Hence

this coherence will be investigated in a following section.
2.3.2 BIW Design in the Early Phase of the Product Development Process

General process of BIW Design

Based on the research aim to provide the BIW design with a methodology that can make
the comparison of manufacturing costs of different new BIW design concepts more
systematic, it is necessary to analyse the area where BIW designers do their work.

BIW engineering is one of the most extensive and complicated areas in the preliminary
phase of the automotive development process. It is at the cutting edge of design. BIW is
an automotive term used to designate the structural body of a vehicle.

Newman et al. [2002] assert that design in the automotive industry is organised
somewhat differently from that found in other industries, since it shows a greater
division between “design” — sometimes called “styling” — and “engineering”. This
statement throws light on the entire domain of the BIW development.

All major carmakers have standard departments organised around either car parts or
development activities. Examples of the latter are body engineering, chassis
engineering, power-train engineering, testing and manufacturing engineering. Each
functional department and its subunits create and control an information asset that
corresponds to a specific component or system, and a development step. Thus the
organisation structure overlies the information asset map, as illustrated in Figure 2.3.

In dependence on Ansgar and Blount [1998], BIW design can be seen as a routine or
variant design problem; as the same generic problem is faced over and over again, it is
clearly understood what the design requirements are and what knowledge is needed, but
the specific design solution and the pattern of use to which the knowledge is put are not

repetitive.
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Figure 2.3: Organisational chart of development activities [Clark and Fujimoto, 1991].

Overall business driver

The literature review and the results of the later questionnaire and interviews, see
section 4.3 and 4.4, substantiate the need for a method of cost estimation of BIW design
concepts in the early stage of the Product Development Process. The unceasing demand
of customers for more fuel-efficient vehicles makes a reduction of car body weight
necessary. Hence the use of light-weight materials requiring new Joining Technologies
is unavoidable. The technological change led to an increase in manufacturing cost while
pertinent cost knowledge is not available. Hence the BIW engineer has no methodology
enabling him to make an effective comparison of his design concepts in terms of cost in
the Early Phase of development. Additionally, due to permanent shortening in product
development time the designer is forced to make quick and significant decisions about
his BIW design concepts in terms of cost and technical characteristics. These are the
background problems that gave rise to the present research project. A methodology is
needed that will enable the BIW designer to compare different BIW design concepts in
terms of cost. Thus the designer will be supported by his decision making process. In
addition, the designer’s ability to come up with early and quick decision making - an
utter impossibility under current conditions - will save development time. Likewise

interaction between departments involved in BIW development process will be
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improved by the implementation of Working Contents. By means of this concept a
technical and economic validation of design concepts is possible and will increase the
exchange of important information between Design, Planning and Finance, see section
2.4.

Contribution of Body-In-White cost to total car cost

Due to the fact that BIW development belongs to the core competence of every
automotive OEM it is self-evident that it takes a centre stage in the PDP. As the car
body makes up the largest part of a vehicle in terms of mass, it accounts for a large part
of the product cost. Hence its material and manufacturing cost is carefully monitored.
Friedrichs [2003] suggests that it is necessary to reduce material costs and to provide
manufacturing technologies capable of permitting high volume production of composite
components. Ungureanu [2007] adds that the major issue in today’s automotive industry
is the reduction of cost by the use of light weight material. This statement supports the
major focus of the car industry to reach weight savings for the development of fuel-
efficient vehicles. According to Stodolsky et al. [1995] car manufacturers know that the
greatest opportunity for weight savings comes from the car body structure, where a
mass reduction of up to 50% is possible [Boeman and Johnson, 2002; TECABS, 2004].
Likewise component redesign is an on-going process to reduce costs and weight of BIW
components, while improving performance and reliability. In this context the
appropriate assignment of material and manufacturing cost to the BIW concept turn out
to be difficult and complex. DeCicco [2005] notes that manufacturing cost information
is rarely reported publicly; by nature, such information is proprietary to the OEM’s
involved and their suppliers. BIW cost analysis projects have revealed the overall cost
range of a BIW [Crow, et al., 1999; Clark, 2002, Schultz, 2000]. They have shown that
the production cost range of a midsize car BIW lies between 1000$ and 1600$.
Likewise an estimated cost saving analysis has been carried out by [DiPietro, 2005]
which indicates a savings potential of 100$ per BIW as a realistic opportunity. This
savings potential is based upon actual applications currently being implemented by
worldwide automotive manufactures including Fiat, Toyota, Opel, Audi, Volvo,
Mercedes, BMW, Nissan and Honda. The estimate takes stock of the substitution of

new material and Joining Technologies.
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These statements show the proportion of BIW to total car cost. It shows the range of
BIW manufacturing cost on one hand and the saving potential per BIW unit on the
other. Likewise the importance of BIW development and manufacturing in connection
with car body weight reduction by the use of light-weight material became apparent.
Hence, the connection between materials used and their corresponding Joining
Technologies is pointed out which is an essential part of the overall research project.
Current demands to the BIW design

Chapman and Pinford [2000] point out that the BIW, while representing the central and
biggest single product component, has the largest influence on many of the vehicle
characteristics. At present environmental legislation is forcing BIW engineers to
minimise body weight, and it will continue to do so in the future [Saito et al., 2000].
Shin et al. [2002] add that the need for reducing fuel consumption and emissions, as
well as more stringent crash requirements, has led to a stiff and lightweight design for
cars. As the automotive industry will continue to market new models with increased
luxury, convenience, performance and safety as demanded by their customers, average
vehicle weight is expected to increase. For this reason Miller et al. [2000] argue that
weight reduction is particularly important. Likewise such safety devices as an anti-block
braking system, air bags and body structure with increased safety features will involve
further increases in body weight. Additionally Scamans [2007] argues that the overall
reduction of the curb weight is an important and permanent aim. According to Cole et
al. [1997] and Morita [1998] it has been taken as a rule of thumb that a weight reduction
of 10% in the BIW means an improvement in fuel economy of approximately equals
5.5%. In fact, however, there is a ripple effect that must be figured into the computation.
Weight reduction in the BIW enables BIW engineers to achieve similar vehicle
performance with a smaller fuel tank. In conclusion, automotive materials can have an
important impact on the environment. The use of lightweight materials can help reduce
vehicle weight and improve fuel economy. According to Bassi et al. [1999], the
pressure for weight reduction has resulted in a gradual decrease in the amount of steel
and cast iron used in vehicles and a corresponding increase in the amount of alternative
materials, especially aluminium and plastics. VDWF aktuell [2002] states that the

composite of metal and plastic, the so called hybrid-technology, will continue to play a

19



Cranfield University

Chapter 2: Literature Review

growing role in the weight reduction of the vehicle body in the automotive industry. At
present the greatest scope for weight reduction in the BIW is offered by the increased
use of aluminium [Pfestorf and Van Rensburg, 2006]. Recent developments have shown
that a weight reduction of up to 50% in the BIW can be achieved by the substitution of
aluminium for steel [Kelker et al., 2001]. Scott [1995] asserts that this, together with
other reduction opportunities, can result in a 20-30% total vehicle weight reduction.
These remarks give a short review of the problems and tasks with which BIW designers
are presently involved. Customer interest in the conservation of natural resources and of
the environment on the one hand and legal regulations on the other subject the
automotive industry to pressure. Reduction of fuel consumption and of emissions is of
critical importance and can be achieved by reduction of vehicle weight. Lightweight
construction is aimed at by all OEMs, although it is not the primary requirement
[Friedrich et al., 2003]. Thereby the secondary weight reduction and additional cost
savings are of critical importance. Because the BIW is the biggest and heaviest part of a
car, it offers the greatest scope for weight saving. Thereby it became obvious that the
application of light-weight materials is one fundamental method of resolution. Hence,
new and extensive body engineering tasks are a great challenge for the BIW design
team in the concept stage of the PDP. The substitution of light-weight material for
conventional material requires BIW design concepts of a new kind with corresponding
manufacturing technologies [Faszination Stahl, 2008].

The demand of new Joining Techniques

According to Sweeney and Grunewald [2002] a variety of new materials is being used,
the design team has to investigate new Joining Techniques (JT’s) to optimise the
process from the technical and economic point of view. The technical aspects of body
engineering have to be decided upon, the aim being to determine which new technology
is best suited to series production and whether it permits process reliability [Weibel,
2002; Johnson and Rudd, 2004]. The question arises whether a new JT can guarantee
the same product quality attributes as former techniques in terms of stiffness, corrosion,

durability, crash-test behaviour, reparability etc [Manson et al., 2000].
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If the BIW engineer has to make a decision about which material is to be used for body
development in the early stage of the design process, then a decision as to the right JT
with its Working Contents (WC’s) must be reached.

In the stage of the preliminary work phase where several design concepts are being
investigated, any decision reached must be based on the technical terms of the WC’s,
see section 4.6.1.

Today, on average 20 different JT’s are required for the series production of a
lightweight BIW vehicle structure, Figure 2.4. In comparison with the car model’s

predecessor, this represents an increase in JT s of approximately 25% [Witte, 2000].
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Figure 2.4: An example of the number of JT’s for the BMW 5-series [Witte, 2000].

If every single application of a JT be counted as a single WC, their total number in the
example of Figure 2.4 is approximately 9000. Haller [1999] assesses that from an
economic point of view, the effective management of such an enormous number of
WC’s will, in future, be an important process within of the automotive industry. In
connection with this statement Dressler [2003] makes the critical observation that while
BIW designer have a large number of tools for designing a new BIW that will meet
technical specifications, they have no method for estimating costs arising from the

manufacture of the design concept.
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These statements showed the need for a new methodology enabling BIW engineers at
the early stage of development to select the design concept most efficient in terms of

cost.
2.3.3 Joining Techniques for the automotive Body-in-White manufacturing

The diversity of new materials for the BIW manufacturing process requires new Joining
Techniques. The interrelationship between joining material and JT’s will be presented
in section 4.6.2 by the elaboration of a matrix of approved Joining Techniques and
material combinations.

In the following only Joining Techniques and their process description and application
in BIW production are described. However, it is not of critical importance for the
development of the BIW cost estimating methodology that every JT be examined in
detail.

Kalpakjian [2001] admits that joining is an all-inclusive word, covering processes such
as welding, soldering, brazing, mechanical fastening, and cohesiveness gluing. For
many reasons, these processes are a significant and essential aspect of manufacturing
operations. Joining is achieved by means of a large number of techniques. Because of
the availability of the large variety of JT’s, different ways of categorising the joining
processes exist. From the point of view of the automotive BIW, Joining Techniques can
be divided into three main categories: a) warm Joining Techniques, b) cold Joining
Techniques and c¢) gluing. Due to the limitation of the research project, it will not be
possible to consider all the Joining Technologies involved in BIW production. That is
why five major representative processes have been selected and described in the
following. They include JT’s of category a) warm JT’s: resistance spot welding, MIG
welding and laser welding; of category b) cold JT’s: punch-riveting, and of category c)
gluing: cohesiveness gluing.

2.3.3.1 Resistance Spot Welding

Process Description

Kalpakjian [2001] affirmed that resistance spot welding has become one of the most

commonly used methods of welding sheet metal. It is extensively used in the

manufacture of an immense multitude of products, varying from automobile bodies to
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domestic appliances. Swift and Booker [2003] added that at this time, resistance welding
techniques are applied to join metal sheets varying from foils, with minimum thickness
of 0.3 mm, to plates, with maximum thickness of 6 mm (mild steel sheet up to 20 mm
has been spot welded, but requires high currents and expensive equipment).

Resistance spot welding uses the Joule effect heating, which is produced when a
welding current is conducted throughout two or more steel sheets, which often form a
lap joint [Kalpakjian, 2001]. Since the resistance is highest at the sheet point of contact,
most of the heat is generated there. This heat afterwards melts the material and the
welding spot is formed [Tusek and Klobcar, 2004]. The parts to be joined are typically
pressed together between a pair of electrodes, and an electrical current is applied to the
material. The inherent resistance to the flow of current at the interface of the work
pieces generates sufficient heat to melt the metals at the area of contact, forming a weld
pool. When the flow of current ceases, the electrode force is maintained while the weld
material rapidly cools and solidifies [ASM Handbook, 1997]. Pressure is supplied by
the electrodes before, during, and after the current is applied in order to bring the work
pieces into contact and confine the weld contact area at the interface [O’Brien, 1991;
Gourd, 1995]. Currents range from hundreds of amperes to over one million amperes,
and welding times can range from milliseconds upwards to one second [Eagar, 1992].
Resistance spot welding is suitable for joining low carbon steels, but almost any
material combination can be welded using conventional welding techniques [Swift and
Booker, 2003]. Spot welding is commonly used in high volume, fast welding
applications. In the automotive industry, spot welding is utilised to join metal sheets of
approximately 3 mm thick [EWI, 1995]. In resistance spot welding, the current applied
concentrates at the point of contact of two opposing electrodes. This produces a
localised bond between the metal sheets which is termed the weld nugget [Kalpakjian,
2001].

O’Brien [1991] states that during the production of spot welds, the distance between
consecutive spot welds must be carefully considered. This is especially critical in
automotive assembly as most of the joined components require consecutive spot welds.
The minimum spacing between spot weld necessary to prevent current shunting is a

function of sheet thicknesses, metal conductivity, weld nugget diameter and surface
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cleanliness at the work piece interface. These technical aspects of the welding process
with its cycle time will be scrutinised in section 4.6.3. The ASM Handbook [1997] adds
that materials for RSW electrodes should have satisfactorily high thermal conductivities
and adequate low contact resistance to avoid burning of the work piece. In addition, the
electrode should have sufficient strength to resist deformation operating pressures and
temperatures. After a certain number of welding cycles, the electrodes must be dressed
(cleaned and reshaped). [Dickinson, 1981] confirms that if the electrodes have been
dressed a certain number of times, they become unable to produce quality welds and
must be replaced. The number of weld cycles between dressings depends on the
material properties of the sheets being joined and the welding times utilised.

Application in Automotive BIW Production

In the past resistance spot welding has been the most important joining process in the
automotive industry. Almost every car model in current production has spot welding as
its main joining process. The introduction of welding into automotive assembly
occurred more than 80 years ago, but the advantages of spot welding demonstrate why
the technique still remains the referent in the industry. O’Brien [1991] notes that from
the economic point of view, it is a very economical process, suitable for both high
volume and full automation, and integration with component assembly can be reached
easily. The reason for its economical advantage is the fact that spot welding is a high
speed process with short weld times; this makes high production rates possible. Swift
and Booker [2003] add that spot welding requires fewer operator skills than alternative
joining processes. The process being an industry standard is also positive accumulated
experience with the technology is priceless when considering new production models.
Obviously, spot welding has boundaries. The fact that the process can only be used in
the joining of lap joints leads to design possibilities. Also, spot welds form permanent
joints that are very complicated to disassemble for repair or maintenance activities.
However, this is generally the main problem for most joining processes used in the
automotive body. O’Brien [1991] remarks that spot welding requires high currents for
short welding times, forcing the equipment being used as well as overloading the power
line. Kalpakjian [2001] confirms that for high volume assembly, the use of resistance

spot welding robots is common. Typically, articulated arm robots are used. Robots can

24



Cranfield University

Chapter 2: Literature Review

be configured for carrying out various operations. Norrish [1992] affirms that they can
also be used for replacement of manual labour in unpleasant environments or
complicated operations, and are able to move much more precisely and efficiently

between components and parts than a qualified welder.
2.3.3.2 Metal Inert Gas (MIG) Welding

Process Description

The Edison Welding Institute [EWI, 1997] states that arc welding processes are the
most broadly employed welding technologies. They have evolved and improved
significantly over the years, and continuous improvements in quality, productivity, joint
life, and repair costs have taken place. Between the different arc welding processes,
MIG (metal inert gas) welding has been the most developed process. The Welding
Institute [TWI, 1997] reports that MIG welding is used in almost every industry sector
because it is a very versatile welding technique suitable for joining both thin and thick
parts, and has confirmed advantages over other arc welding processes in terms of
flexibility, deposition rates, and adaptability to mechanisation.

The ASM Handbook [1997] observes that in MIG welding, the heat for fusion is
established by an arc generated between a continuously fed electrode of filler metal and
the work piece. The metal electrode is a metal wire, continuously fed, that melts to form
the weld pool. When current is applied to the metal electrode, metal travels from the
wire to the work piece through either dip or free-flight transfer modes [Norrish, 1992].
The way molten metal is transferred during MIG welding is determined by a number of
factors (magnitude and type of welding current, electrode diameter and composition,
shielding gas, and power supply output) and has an important influence on process
performance and quality [Norrish, 1992; ASM Handbook, 1997].

The ASM Handbook [1997] explained that the two consumable, but essential elements
of the MIG welding process are the electrode and the shielding gas. Consumables in
MIG welding usually determine the characteristics of the joint. O’Brien [1991] adds that
the chemical composition of the electrode and the shielding gas, combined with the base
metal, sets the composition of the resulting weld metal, and the weld metal composition

determines the joint’s mechanical and chemical properties.
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Swift and Booker [2003] explain that materials suitable for being joined by a MIG
welding process are carbon, low alloy, and stainless steels. Most non-ferrous metals
(except zinc) are also weldable: aluminium, nickel, magnesium and titanium alloys, and
copper. Dissimilar materials are difficult to weld. O’Brien [1991] adds that for most
MIG welding applications, the filler metal composition is very similar to the base metal.
Slight modifications to the electrode composition can be made to compensate losses
produced in the arc formation, or to supply deoxidation of the weld pool.

The Welding Institute [TWI, 1997] points out that the shielding gas protects the arc and
weld pool from external atmosphere to avoid the formation of oxides and nitrides. Apart
from the protection of the arc and weld pool, the shielding gas is necessary to form the
arc plasma, and guarantee the stable transfer of molten metal from the wire to the weld
pool. Commonly used shielding gases for MIG welding include argon (Ar), carbon
dioxide (CO ), oxygen (O ), and helium (He). Typical combinations of these gases for
use during steel welding are 100% CO , Ar plus 2-5% O, Ar plus 5-20 % and CO , and
a trimixture of Ar, He, and CO [Gourd, 1995].

Application in Automotive BIW Production

Irving [1995] affirms that the automotive industry is the biggest market for arc welding.
MIG welding is the most commonly used process in automotive assembly of all the arc
welding processes. Typically, it is used for the welding of drive train members, wheel
rims, structural sub-frame members, axle sub frames, axles, and various BIW
components [Dickinson, 1981; Tusek and Klobcar, 2004]. The Welding Institute [TWI,
1997] confirmed that the adaptability to automation has played a decisive role in MIG
welding becoming a popular process in high volume manufacturing and assembly. MIG
welding also demonstrates several other advantages over alternative joining techniques.
The process is suitable for almost all types of available metals and alloys. Continuous
wire feed enables long welds to be deposited without stop and start, and welding can be
accomplished in practically all positions (e.g. horizontal, vertical, overhead, etc.) [ASM
Handbook, 1997]. Contrasting to discontinuous joining processes, MIG welding just
requires access to one side of the work piece to produce a weld. O’Brien [1991] points
out that in comparison with alternative arc welding technologies, MIG welding is

capable of high metal deposition rates, exhibiting relatively high welding speeds from
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0.2 m/min for manual welding to 15 m/min for automated setups [Swift and Booker,
2003].

Certain limitations in the use of MIG welding exist and must be considered when
selecting a joining process. The ASM Handbook [1997] states that the fatigue strength
of metals can be altered by the presence of weld regions. The Technical Institute [TWI,
1997] adds that the MIG welding process also faces some problems in terms of operator
skill and usage, and welding equipment is more complex, and usually more costly than
others. O’Brien [1991] confirms that relatively high levels of radiated heat and arc
intensity can hamper operator acceptance of the process.

Norrish [1992] notes that MIG welding in automotive assembly can be operated in
semiautomatic and automatic modes. Though precise placement of the welding torch
and precise control of the travel speed is necessary, automation of the MIG welding

process is prevalent [ASM Handbook, 1997].
2.3.3.3 Laser Welding

Process Description

According to O’Brien [1991], the use of laser processes for metal welding has
experienced continuous development and expansion in industrial applications over the
last 35 years. Laser welding (laser beam welding) can be found in a variety of joining
applications, ranging from the sealing of electronic devices and relay containers to the
forming of automotive transmissions. The ASM Handbook [1997] claims that “Laser
welding uses a moving high density coherent optical energy called a laser as the source
of heat”. “Laser” is an acronym for “light amplification by simulated emission of
radiation”. Laser beams can be generated via solid state or gas medium devices.
O’Brien [1991] explains that solid state lasers employ doped crystals as the lasing, or
host, material, with the dopant as the active species. The dopant ion is exited by intense
Krypton or xenon flash lamps [Irving, 1995]. The emitted energy, in the form of light, is
reflected by mirrors within the device and then directed by additional optics to the work
piece. Norrish [1992] asserts that welding takes place when the laser contacts the joint
and generates adequate heat to produce the coalescence of the materials to be joined.

Laser welding can be used to form deep or shallow penetration welds. O’Brien, [1991]
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adds that the deep penetration welding process is used for joining sheet meal
thicknesses of 1-32 mm, and is the technique used in automotive body assembly.

Laser welding is appropriate for numerous joint designs and configurations. Lap joints,
a common configuration in sheet metal assemblies, are weldable via the laser beam
process, as are butt edge, corner and T-joints [Norrish, 1992]. For automotive
applications, lap and butt welds are most commonly utilised. Before laser welding,
joints must be cleaned of all contaminants, see section 4.6.3. Also, the amount of gap
between component sheets must be kept within specified welding tolerances. These
tolerances are dependent on sheet thickness, welding speed and beam characteristics
[O’Brien, 1991]. Laser welding can be used for the joining of almost all metals. Metals
can be joined to themselves or others that are compatible. The effectiveness of the laser
beam and the resulting weld performance are dependent on the composition and
properties of the metals being joined [O’Brien, 1991]. The ASM Handbook, [1997]
points out that the available laser commonly found in automotive industrial applications
are the CO, gas laser, the Nd: YAG (Neodymium doped, Yttrium Aluminium Garnet
crystal) solid state laser, and the high power continuous-wave.

Application in Automotive BIW Production

According to O’Brien [1991], laser welding has increased its appearance in the
automotive industry over the last thirty years, and the process is being accepted for a
diversity of assembly applications. Several automobile manufacturers are using welding
extensively in vehicle production. Hanicke [1995] claims that one of the primary
driving forces behind the use of laser welding in automotive production is the fact that
the process is able to produce welds with higher static and fatigue strengths, and hence
improved body strength, over conventional joining processes. Laser seam welding
provides high joint stiffness with very little weld distortion relative to the more common
arc seam welding processes. Moerman and De Bleser [1995] assert that tighter seam
welded joints are achieved through laser welding, reducing the probability of corrosion
due to gaps in the seam. Another advantage is that no electrodes or filler metals are
required [ASM Handbook, 1997]. The application of laser welding processes in
automotive assembly has some process limitations. To obtain the desired accuracy,

precise placement of the work piece is necessary. The components must be situated in
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such a way that the joint is exactly aligned with the point of beam contact. This degree
of precision requires complex fixturing equipment. As mentioned earlier, the
effectiveness of the laser welding process is highly correlated to the energy absorption
properties of the metals being joined. The ASM Handbook [1997] observes that the
high reflectivity and conductivity of some metals adversely affects their weldability.
Jain [1997] confirms that in addition to high consumable costs, laser welding processes
require relatively large capital investments in process equipment.

The ASM Handbook [1997] affirms that due to the process characteristics, laser
welding requires automated equipment. The laser beam source and associated control
systems requires an important investment, which is generally much higher than those of
alternative joining technologies. In laser welding applications, worker safety is a major
concern. The high energy beam can mean a serious hazard. Also, fumes generated
during the welding of certain materials may be dangerous to operators. Stations utilising
high power lasers are generally shielded to prevent any contact with the equipment
during welding. Jain [1997] argues that though laser welding is highly automated and
requires little direct operator skill, comprehensive workforce training is recommended

and technical laser specialists are often present during each production shift.
2.3.3.4 Riveting

Process Description

Pursuant to Bokhari [1995], mechanical fastening techniques offer alternative methods
for joining materials. Many mechanical fastening processes are part of the oldest joining
methods used in industry, used before both resistance welding and arc welding
processes. Mechanical fastening includes a wide range of techniques using threaded
fasteners (e.g. nuts, bolts and screws), interlocking, clinching and riveting. Recent
interest in modern riveting processes has arisen for the joining of sheet metal
components. Parmley [1989] confirms that the use of rivets has been constantly
expanding in assembly operations in numerous manufacturing industries, ranging from
furniture to military, and appliance to automotive Industry. Additionally Parmley [1989]
explains that in the self-piercing riveting process, two or more sheets can be joined by
an insertion of a tubular rivet. Rivets pierce the materials to be fastened and form a

permanent joint in a single operation. As such, no previously produced holes are
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required. The rivet is introduced into the materials by a punch press operation, the tip of
which is referred to as a guide button. A shaped die, the upset die, is placed opposite the
punch die on the other side of the component sheets. The shank of the rivet acts
essentially as a shearing punch, cutting through the upper layers of material and
partially into the lower layers until restricted by the force of the upset die. As the rivet
travels into the component sheets, it displaces the materials into the bottom die. This
action causes the shank of the rivet to flare outward which effectively locks the rivet
into the material, forming a permanent joint [Bokhari, 1995]. Generally, the rivet does
not fully pierce the lower sheet of material. As such, no slug of waste material is
generated, as in alternate riveting processes [Nagy, 1994]. Self-riveting process can join
most materials and combination of materials. Metals, plastics, ceramics, and wood are
commonly joined [Swift and Booker, 2003]. [Parmley, 1989] states that the geometry
and tolerance design of the rivets are dependent on the process parameters. Rivets,
depending on material composition and the application for which they are designed, are
typically heat treated to achieve the desired levels of hardness, strength and formability.
Coatings are often applied to the rivets in order to achieve colour matching or to provide
sufficient corrosion resistance. Parmely [1989] suggests that as in spot welding, self-
piercing riveting can be employed only in the joining of lap joints. The edge and pitch
distance are two key parameters that must be taken into account during the design stage
in order to ensure satisfactory joint performance. The edge distance is defined as the
space between the centre line of the rivet and the edge of the component sheets. For
metals, the minimum edge distance should be twice the diameter of the rivet used in
order to obtain sufficient bearing strength and prevent the potential buckling of the
component materials. The pitch distance is defined as the spacing between the centre
lines of adjacent rivets. In metals, the minimum pitch distance should be three times the
rivet shank diameter in order to avoid unnecessary high stress concentration.
Application in Automotive BIW Production

According to Bokhari [1995], due to improvements over the years, industrial riveting
techniques have become reliable, automated, high speed joining processes. In particular,
self-piercing riveting has attracted the attention of car manufacturer due to its

advantages and potential characteristics for extensive, cost effective application.
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Amongst its advantages, the very short cycle times have been highlighted. Bokhari
[1995] adds that the riveting cycle consists of alignment of the riveting head with the
work piece, advancing of the punch, punching of the rivet, punch retracting and feeding
of the next rivet. The short riveting times, added to the fact that the process is suitable to
automation, allows the achievement of very high assembly speeds. Compared to
common welding processes, the self-piercing technique needs much less energy. Also,
the process can be used to join dissimilar materials, including both metals and non-
metals. The strength of riveted joints has been demonstrated to be equivalent or ever
higher than spot welded joints for some applications. Nagy [1994] claim s that self-
piercing riveting requires fewer fastening points than spot welding. As riveting
produces a visible connection, riveted joint quality can be determinable through visual
inspection. The self-piercing riveting produces minimal heat and low levels of noise
emission, providing satisfactory working conditions. The investment needed for the
stabilising self-piercing technology is similar to the investment needed for spot welding
and MIG welding, riveting tool life being very long [Bokhari, 1995].

When designing BIW’s, designers put effort into reducing body weight as much as
possible. The use of rivets in assembly processes adds extra weight to the vehicle, and
consequently reduces fuel efficiency. Nagy [1994] suggests that designers must pay
attention when considering riveting for the joining of appearance parts, as the method
can bring surface distortions. Components designed for self-piercing riveting must also
be made with somewhat wider flanges, relative to parts designed for spot welding, in
order to satisfy riveting parameters. Bokhari [1995] asserts that the self riveting process
is very simple and requires minimum operator skills. Robotic riveting utilises basically
the same robots as are used for robotic spot welding. It has been debated that the weight
of riveting system components to be mounted on the robot may be less than the weight
of the spot welding equipment, thereby decreasing the necessary payload and allowing

the specification of smaller robots.
2.3.3.5 Cohesiveness Gluing

Process Description
Parmely [1989] states that “Adhesives are defined as materials capable of joining parts,

or adherents, together by surface attachment”. O’Brien [1991] points out that nowadays
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many different adhesive types exist: cements, glues, pastes, organic mucilaginous
compounds and synthetic, specially formulated inorganic compounds. Irving [1995]
adds that the number of specific adhesive alternatives has grown significantly due to the
increasing interest in adhesives in the fabrication of products. The Edison Welding
Institute [EWI, 1995] claims that in the last two decades, the automotive industry has
become more and more interested in investigating the viability of utilising gluing
processes in automotive assembly. O’Brien [1991] states that in comparison with MIG
welding, cohesiveness gluing can produce a continuous joint between parts. The
continuous joint is good at distributing stresses more effectively than non-continuous
joining methods such as spot welding and riveting. “Joints designed for cohesiveness
gluing should be made to endure primarily tensile and shear loading, as bonded joints
tend to perform weakly under peel or cleavage loadings”. To form an adhesive bonded
joint between metal components, a non-metallic adhesive is applied at the joining
surfaces and the parts are put in contact. The adhesive needs to be sufficiently fluid to
completely wet the adherent surfaces. Bonding of the metal parts takes place when the
adhesive hardens dried by application of either pressure, heat, or both. Adhesive has to
be applied very cautiously to ensure that the adhesive does not contract excessively and
generate undesirable internal stresses. Parmely, [1989] adduces that differing from
welding processes cohesiveness gluing creates a non-metallurgical bond and the
surfaces joined are not melted.

The application of pressure and/or heat to the parts is required to transform the adhesive
from its initial form to its final, solidified state. This process is termed as curing.
Different parameters influence the curing process according to the adhesive used; curing
can take place via chemical reactions or by simple solvent evaporation. Also, the
process can occur at ambient or elevated temperatures. Parmely [1989] adds that the
level of heat and pressure required must be accurately controlled to prevent adhesive
expulsion, excessively thick bond lines and inordinately fast or slow curing.

According to [Gauthier, 1990], adhesives are listed according to functional use or
chemical composition. Functional categories include holding, sealing and structural
adhesives. Holding adhesives form joints between parts, but bear minimal structural

loading. Sealing adhesives, such as caulking compounds, serve to exclude gases or
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liquids from a joint. Structural adhesives may be defined as materials used to transfer
loads between adherents in the specific environments to which the components are
exposed. Gauthier [1990] adds that the most widely employed chemically reactive
structural adhesives are epoxies, polyurethanes, silicones, cyanoacrylates, modified
acrylics, anerobics, phenolics, polymides and polybencimidasoles. Tusek and Klobcar
[2004] confirm that epoxy adhesives are structural adhesives most commonly
encountered in the automotive BIW production.

O’Brien [1991] claims that the main characteristics of a bond—durability and
strength—are extremely dependent on the material interactions at the adhesive-adherent
interface. The bond between the adhesive and the adherent surface is often the weakest
point of the joint. If the contact surface does not receive correct preparation for adhesive
application less satisfactory joint performance is probably obtained. According to
Clearfield et al. [1995], various mechanical and chemical treatments can be applied as
preparation of the contact surfaces. The selection of the proper treatment methods is
mainly dependent on the composition and morphology of the metal surfaces. The pre-
treatment processes have to remove all possible contaminants without affecting the
characteristics of the adherent. After being retreated, components require careful
handling. The time between surface preparation and adhesive application should be
reduced to the minimum achievable.

Application in Automotive BIW Production

The application of gluing techniques is not new in automotive BIW manufacturing.
Adhesives have been used in the automotive industry for the joining of non-structural
and semi-structural components. Irving [1994] asserts that metal-to-metal, plastic-to-
metal, and plastic-to-plastic are the common material applications. According to Tusek
and Klobcar [2004], the non-structural use of bonding occurs in the attachment of
carpeting, mirrors, headlights and trim. Semi-structural cohesiveness gluing applications
include the hemming of doors, hoods, and deck lids, the attachment of windshields and
backlights, and the joining of body panels. Beenken [2003] states that car manufacturers
have realised that cohesiveness gluing processes are suitable for many different
applications. Specifically, manufacturers have become interested in the application of

adhesive technology, including weldbonding and rivbonding, in the metal-to-metal
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bonding of load-bearing, structural body components. Compared to alternative joining
technologies, cohesiveness gluing introduces a number of advantages. One of the main
reasons that make designers and planners interested in the cohesiveness gluing process
is that it provides joints with high rigidity and stiffness. The high stiffness results
because 100% joint efficiency can be achieved between joined components. Irving
[1995] states that experiments have confirmed that as an average, cohesiveness gluing
can increase joint stiffness by nearly 40% compared to spot welding. McCleary, [1995]
assert that bonded joints also display more even load distribution and improved fatigue
performance. The excellent fatigue performance of adhesive bonded joints comes from
the capability of the adhesive to absorb crashes and vibrations. Sawyer [1995] adds that
this ability means that vehicle NVH (noise, vibration and harshness) levels are
improved. Different from other welding processes, cohesiveness gluing does not
negatively affect the corrosion resistance properties of the metals joined. In fact,
cohesiveness gluing decreases joint vulnerability to corrosion by creating a water-
proofed barrier. Also, cohesiveness gluing is suitable for joining dissimilar materials.
Another benefit of cohesiveness gluing compared to welding methods is that it is a
relatively low temperature process. Curing of majority automotive adhesives can be
conducted at temperatures of less than 400 F (240 C). O’Brien [1991] suggests that
cohesiveness gluing also gives a better looking joint as it does not involve weld marks
or rivet heads.

The application of cohesiveness gluing is attended by some limitations when applied to
structural automotive components. The main one has been manufacturers’ lack of
confidence in the durability of bonded joints. Another limitation of cohesiveness gluing
is the low performance of joints under peel loading and high temperature conditions.
O’Brien [1991] states that most adhesives have operational temperature ceilings in the
range of 500 F (260 C). Also, the need of preparation for the contact surface increases
the number of required assembly operations and ends in higher material costs. Adhesive
curing needs extra capital investment, including curing ovens and induction curing
equipment. Curing processes also result in additional operations and longer
manufacturing times. Finally, O’Brien [1991] adds that many adhesives degrade during

exposure to extreme conditions in combination with excessive heat and humidity,
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conditions usually found in an automotive BIW production. Application of adhesives in
automotive BIW production can be carried out either manually or robotically. O’Brien
[1991] explains that for automotive production, manual adhesive application is normally
conducted with the help of dispersing guns. Robotic adhesive application is
comparatively simple. Adhesive distributors, basically identical to the manual ones, are
affixed to the end of the robot arm and the adhesive is supplied from a pumping system.
These descriptions of the characteristics and application of JT’s in the automotive
industry form a basic step leading to the consolidation of information. Section 4.6.2 to
4.6.4 will continue in the same vein.

The subsequent section attended to the interaction between departments that are
involved in the BIW development process. Like it was addressed before as a business
driver of the research project it is important for BIW design process to increase the

exchange of important data and information between Design, Planning and Finance.

2.4 Interaction between Design, Planning and Finance

As already mentioned, coherence between the design, planning and finance departments
is of particular importance for the cost estimation of future BIW design concepts. For

that reason the interaction between these departments will be analyse in the following.
2.4.1 Impact of internal Process Organisation on Cost Estimating

According to Schmidt [1996] a well defined, smooth and accurate interaction between
the design, planning and finance departments during the PDP is one of the most
important requirements for accurate cost estimation and cost saving. This statement will
be supported at length by figures and comments in the following.

Once the design department has formulated its concept, the task of the planning
department is to work out in detail the production process. Becker [1988] asserts that
the plan must include the development of the launch and production scenarios for the
new concept. According to Bronner [1992], on the basis of this production plan the
finance department must then calculate the cost of manufacturing the product. As Beitz
et al. [1992] confirm, if this cost calculation exceeds the defined target costs of the
project, the design concept must be returned to the design department for revision.

Exceeding the defined target cost is a worst case scenario; it means that the design
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department must come up with a completely new concept. Figure 2.5 illustrates the

coherence between Design, Planning and Finance within the development process.

“Feedback loop”
Costs & Data exchange

Working contents are valued
Finance at manufacturing costs
= Costs projection

¥

¥ [

MNew design concepts are developed
Design by the design department
= Newworking contents emerging

“Feedback loop”
Costs & Data exchange

¥
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Working contents are converted
Plannlng into & manufacturing process
=» MNew manufacturing lay-out plan

h 4

“Feedback loop”
Costs & Data exchange

Figure 2.5: Feedback loop between Design, Planning and Finance.

2.4.2 Further development of the Loop System

As demonstrated in Figure 2.5 feedback loops are an important medium for the costs
and data exchange between departments involved in the development process.
According to Bock et al. [1990], introducing an iterative loop could improve design
concepts in terms of cost. Scheer [1995] claims that repetitions along this loop could be
minimised or prevented if Design were able to achieve a cost estimation for their new
design concepts in the early stage of development. Pickel [1989] asserts that this early
process of cost estimation is hampered by the fact that cost estimation can be achieved
only with the cooperation of the design, finance and planning departments. These
assertions make a contribution to the original problem of the present research work.
They make clear that cost estimation at present is a lengthy procedure and requires input
from Design, Planning and Finance. The organisational separation of the design,
planning and finance departments has the consequence that the cycle of their interaction
is time consuming. Pursuant to Scheer [1990] and Ehrlenspiel and Lindemann [2005],
the current system of iteration may be called the “long” feedback loop, see Figure 2.6.

“Short” feedback loop 2: Intensification of cooperation between Design, Planning and
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Finance. In the “long” control loop information is provided late and is sometimes lost.
Jehle [1994] argues that when this happens, revisions of the design concept are
accomplished only at great additional expense. Such loss of time and money will be
reduced if the feedback loop is shortened, if the “long” feedback loop is replaced by a
“short” one. A “short” feedback loop is one that makes information for cost estimation
available to Design in the early stage of concept designing [Fischer et al., 1992], Figure

2.6.

Long Feedback Specification, Short Feedbhack Specification,
Loop: Budget Loop: Budget

Development  (gessssamssmssss '
Planning Process H
H
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|
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Figure 2.6: Description of cost analysis during the design process [Ehrlenspiel and Lindemann, 2005].

According to Heil [1993] a feedback loop can be considered as “short” if it satisfies

three requirements:

¢ Application of methods for cost effective design within the design stage.
e Early provision of relevant cost information from planning and finance stages.

¢ Intensification of collaboration between design, planning and finance stages.

In the ‘long’ feedback loop cost estimation and calculation is the exclusive prerogative

of Planning and Finance. Under these circumstances a designer cannot obtain accurate
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information about the manufacturing costs of his design without extra input from
process planners and finance and plant managers. This process is lengthy. The aim of
the present study is to provide the design stages with its own method for cost
estimation. The aim, therefore, is to create a new “design preliminary loop” specially

adapted to use by the design department, see Figure 2.7.

Finance standard loop Design preliminary loop Planning standard loop
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Figure 2.7: Finance, planning and design preliminary loop [Stahl, 2003].

The additional “preliminary loop” system provides the BIW design engineers with a
procedure for making rough calculations and forecasting costs for their design concepts
[Stahl, 2003]. Before the design department refers the new design concept to Planning
and Finance, the design concept will pass through the “design preliminary loop” system
for cost estimation. This will provide the BIW engineer with an opportunity to evaluate
his design concepts in advance and to decide which will be best in terms of cost.

In this way a user from the design department without great practical experience with
planning and finance will be in a position to obtain rapidly an estimate for different
design concepts. Hence Design will acquire a disclosure of the cost savings potential
early in the development process. Once a given design concept has been selected on the
basis of the evaluation technique provided, it will be transferred to the standard loop,

which involves Planning and Finance.
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A “short” feedback loop can be achieved through the intensification of collaboration
between Design and the other two departments. Pursuant to Ehrlenspiel [1992], the
intensification of collaboration can resolve procedural and organisational problems that
hamper early cost estimation during the design process. For the achievement of the
“short” feedback loop and the supply of decision-relevant cost information a direct link-

up between Design, Planning and Finance is of immeasurable importance.
2.4.3 Knowledge Domain between Design, Planning and Finance

The fact that the design, planning and the finance departments often have different
perceptions of themselves and of each other constitutes a major problem that must be
resolved if there is to be early cost estimation in the preliminary phase of the PDP. Only
on the basis of a common point of view will participants be able to communicate their

existing knowledge [Stahl, 2003].

Func, = Functionality
Mat. = Material
Compl. = Complexity
Prod. = Production
Qual = Quality

C = Cost

Figure 2.8: Knowledge domain between Design, Planning and Finance.
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Figure 2.8 provides an illustration of the decision domain areas between departments
that have been a target for knowledge acquisition and decision situation prototyping.

In analysing the complexity of the PDP and searching for common denominators
between Design, Planning and Finance, one may derive advantage from generally
accepted itemisations [Ehrlenspiel et al., 2000] as shown in Figure 2.8.

In using these itemisations, one assigns the data pertaining to each department to such
attributes as are illustrated, e.g. Functionality, Material, Complexity, Production Process
and Quality [Stahl, 2003].

These attributes are used as a “link” between Design, Planning and Finance with the
aim of shortening the time required for information exchange. This itemisation of
knowledge increases the information made available to the design department about
cost pools of WC’s, but does not provide a methodology for making an early cost
estimate during the design process.

The implementation of these attributes is an important move toward the intensification
of collaboration between departments that are involved with the PDP. This is an
auxiliary part for the development of a new cost estimation process because of

systematic and transparent data exchange.

2.5 Approaches for cost effective Designing

Generally, in the past the costs of design concepts were kept apart from the designer.
Consequently the designer, whose mindset was skewed towards technical functionality,
tended to overlook the costs of manufacturing [Eaglesham, 1998]. Busch [1999] affirms
that with the implementation of value analysis, the role of cost estimation has increased,
but the attempt to retrain every designer as a cost analyst was doomed to failure.
Nevertheless, second thoughts about cost-optimised design will be unavoidable in the
future. For this purpose, the designer requires information that the designer can use for
proper manufacturing cost estimation [Eaglesham, 1998]. Therefore it is not the
objective and the task of a designer to assume the position of a planner or controller.
The designer’s tasks are to design and to cost out a functionally-optimised design

concept. Ehrlenspiel et al. [2000] claim in this context the objective that for Design,
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cost information of design concepts provided has to be significant, manageable and not

too detailed.
2.5.1 Product Costs

An understanding of the product cost structure is essential to that of the process of

estimating. This structure is illustrated in Figure 2.9.

Profit

Selling Cost

General & Administrative Cost

Product Design

Indirect

Cost Tooling Cost

Revenue Fixed Expense

Factary

Burden Indirect Material

Indirect Labour Cost of Goods
L produced
y

Direct Direct Material

Cost

Direct Labour

Figure 2.9: Product cost structure [Winchell, 1990].

In the cost environment of the BIW production, it is seems reasonable to ascribe 80% of
the production costs for a vehicle body structure to the costs of JT’s [Schrodinger,
2003]. With the primary target of aiding the body engineers in their effort to estimate
the cost of vehicle body structures in the early phase of development, the focus of the
research work is on the assessment of costs of JT’s in the BIW area. An investigation of
cost structure carried out by Finance and covering every distinct technique of joining
resulted in a classification based on the distinction between investment cost and
operating costs, the latter being subdivided into cost operation resources, energy costs
and maintenance costs. This structure of costs will serve as a basis for later cost

estimation.
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2.5.2 The general Process of Cost effective Designing

For making development decisions, the product development team requires a cost-
estimation tool. According to Ulrich and Eppinger [2000], such a process comprises two
types of analysis: the quantitative and the qualitative. The emphasis of the process is on
a quick, approximate methodology for supporting decision making within the product
development team.

With the instability of existing information and data, which are incomplete in the Early
Phase of the PDP, the BIW designer and cost estimator achieve insufficient results for

the product cost of the vehicle body structure.
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Figure 2.10: Instability of cost estimation set against the maturing of the product [Gerhard, 1994].

With reference to Figure 2.10 it could be find the acknowledgement that within the
preliminary work phase the instability of the cost estimation is higher than 50%
[Gerhard, 1994]. At present, estimators practise with the cost impact of many design
conditions by manually adjusting the project’s activities, resources and resource
productivity rates that form the basis of a cost estimate for a specific design.

Thus, cost-estimating is a typical example of a knowledge-intensive engineering task
[Gahr et al., 2004]. The cost estimation process is classified as a derivative task within

the knowledge-based system design and optimisation process.
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According to Ehrlenspiel et al., [2006] Companies often hire professional estimators to
perform the task. In spite of this training, designers and planners of car bodies find that
there is wide variability in design cost-estimates of different estimators for the same
project and that the lack of consistency in the current manual process often leads to
overestimating or underestimating design costs, resulting in lost opportunities or

unexpected expenses, as the case may be.
2.5.3 Classification of Methods and Applications for cost effective Designing

In the following existing methods and applications for cost effective designing will be
investigated and grouped. According to Schmidt [1996], designers assume
responsibility for the accruing costs of their design concepts within the company. In
doing so, they can affect manufacturing cost in the preliminary phase of the PDP. In this
respect, the need for early methods and applications for cost effective designing is
ineluctable [Steffen, 1990]. In terms of positive effect on the cost objectives, the impact
of design decisions has to be made transparent to the designer [Franz, 1992]. Therefore
designers should systematically determine design decisions by using cost information to
affect costs during the design process [Steinwachs, 1991].

Numerous methods and applications for cost effective designing are known. Therefore,
only selected methods are described in detail. A more exhaustive description does not
appear to be necessary at this point, because most of the methods and applications
known under different names do not differ significantly from the following.

The consideration of methods and applications for cost-effective designing demands, in
the first instance, a systematisation, because in the literature there is no precise
classification into categories of the many and varied methods and applications.
According to Groner [1991], methods and applications for cost effective designing are
separated into qualitative methods and quantitative methods, see Figure 2.11.
Qualitative methods for cost effective designing attempt to advise the designer in such a
way as to steer him in a direction that will lead to a cost effective design concept.
Quantitative methods for the design-accompanying calculation are targeted on giving
the designer precise cost information that presents the costs generated from the new

design concept.
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Methods and Applications for cost-effective designing
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Figure 2.11: Methods and applications for cost-effective designing [Groner, 1991].

According to Pahl and Beitz [1993], the qualitative methods for cost effective designing
are generated by using cost information that presents the costs generated from past
calculation of formerly-designed products. By means of the quantitative method for
calculation accompanying the design, those generated provide a cost validation of the
actual design concept. Schweitzer and Friedl [1993] add that therefore calculations can
be based on the cost information of accounting for actual costs or standard-cost
accounting. The above-mentioned qualitative methods for cost effective designing and
the quantitative methods for the calculation accompanying the design are specified as

follows.
2.5.3.1 Qualitative Methods for cost-effective Designing

The qualitative methods for cost effective designing can be applied even in the Early
Phase of the PDP. At this stage, design concepts are not completely elaborated and only
a few product-specific characteristics are established. Qualitative methods are not
qualified for cost calculations because this process demands the determination of
product-specific characteristics [Schaal, 1992]. Qualitative methods can merely
highlight the pattern of costs resulting from alternative design concepts in order to assist
the designer in finding a cost effective alternative [Groner, 1990]. In this manner,

qualitative methods support the designer in finding the cost-relevant factors or cost-
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effective design concepts within a concept solution. These qualitative methods are

described in Table 2.1.
2.5.3.2 Quantitative Methods for cost-effective Designing

The quantitative methods, in contrast to the qualitative methods, should admit a first
manufacturing cost calculation. Haasis [1994] explains that for that reason, it is called a
design accompanying calculation method.

The intention of a design accompanying calculation is to support the designer with
ascertained information about costs, which are probably caused by the new design
concept. Becker and Prischmann [1994] add that with this calculation, the aim of
selective designing is that the default target costs not be exceeded.

Quantitative methods can be subdivided into short cost calculation methods and
analytical methods, as shown in Figure 2.11. These methods differ in their demand for
data and in the accuracy of their results [Scheer et al., 1988].

Short cost calculation methods are characterised by means of costs established without
consideration of technical details. Becker [1993] admits that for this reason, short cost
calculation can provide an information basis for an economic appraisement of the
design concept. Scheer et al. [1991] confirm that for the application of short cost
calculation only a few design specific data are required. This yields a rough cost
calculation with relatively uncertain solutions.

The basis of the analytical methods is the differentiated calculation procedure. By
means of this procedure the design concept costs are calculated from information that
belongs to the design concept solution [Ehrlenspiel et al., 2006]. According to Steffen
[1991], therefore, an analytical analysis of geometrical and technical details is
necessary. Bock er al. [1990] state that this detailed information requires that the
geometry and a flow chart be established. This condition is complied with at a later
phase of the PDP.

Accordantly to Ehrlenspiel er al. [2006], it may be pointed out that analytical methods,
in contrast to short cost calculation methods, require a significantly greater expenditure
of data, which leads to a more precise result. On the other hand, short cost calculation
methods are applicable earlier than analytical methods in the PDP. Descriptions of

individual quantitative methods are given in Table 2.2.
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Table 2.1: Qualitative methods for cost effective designing.
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Table 2.2: Quantitative methods for cost effective designing.
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2.5.4 Evaluation of Methods and Applications for cost effective Designing

Initially there is an evaluation of qualitative and quantitative methods. Utilisation of
these methods is assessed on the basis of the general statements that result.
The qualitative methods for cost-effective designing are applicable as early as the

Preliminary Work Phase of the PDP, as indicated in Figure 2.12.

Process Development Appropriate Implementation of Methods and
Process Applications for Cost-effective designing
Initial Phase

Concept Phase
Qualitative methods for
cost-effective designing

Preparation Phase

Coordination Phase Short cost calculation

methods
cost-effective designing
Confirmation Phase Analytic methods
Maturation Phase l Traditional Pre-calculation
Series Production I Traditional Calculation

Figure 2.12: Appropriate implementation of methods for cost-effective designing in the PDP.

A disadvantage of the early applicability of these methods, however, is the fact that a
proper assessment in terms of the manufacturing cost of different design concepts is
difficult. This drawback can be compensated for by means of quantitative methods that
have access to precise cost information.

Under the condition of the research objective to develop a cost estimation methodology
that can be established in the Early Phase of the PDP and assures proper cost results for
BIW design concepts, a cost-calculation of new design solutions can only be provided
by a method that uses several parts of the qualitative methods. For that purpose extracts
of relative-cost projection of qualitative methods can be effected to assist the designer in
designing cost-effective design concepts. On the basis of concrete cost information

calculations, several parts of the quantitative methods can be utilised. These available
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components are taken into account by the development of the BIW cost estimation
methodology. A major difference between the aforementioned methods and more
traditional techniques is to be found in the fact that methods and applications for cost-
effective designing can be applied by the designer during the design process, as shown

in Figure 2.12.

2.6 Cost Estimating methods

Because cost estimators have to make numerous assumptions and judgments about what
a new product will cost [Roy and Rush, 2001], the choice of the right cost estimating
method is of critical importance. Furthermore Rush and Roy [2000] state that cost
estimating helps companies with decision-making, cost management, and budgeting
with respect to product development.

What exactly is required of a cost-estimating method when a component or system is to
be manufactured, depends on the purpose for which the estimate is to be used.
According to Esawi and Ashby [2003], it may have several purposes. When the purpose
is to guide competitive bidding, the method must deliver an absolute cost, and do so
with precision; an error of a few % here makes the difference between profit and loss.
When the purpose is to permit selection of a manufacturing process - this is our present
interest - the method need only give a relative cost, which can be useful even when it is
approximate: in the early stages of design or of selection an estimate accurate to within
a factor of two can be helpful.

The following section provides an overview of the main methods used in the industry
for cost estimating.

Parametric cost estimating

Parametric cost estimating (PCE) [Hoult and Meador, 1997] or Function-costing
[Boothroyd, 1988, Allen and Swift, 1990, Wierda, 1988] interpolates the cost of a
component or system as a variant of an existing family for which historic cost data are
already available. This method is feasible only if two conditions are met: first, the
component must be a member of a closely related family; and second, the family must
have many members with established costs. These provide the historical data. Yournossi

et al. [2002] asserts that parametric methods are based on a statistical technique that
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views the dependent variable (e.g., cost, development schedule) as a function of several
other variables, such as size, technical characteristics, features, risk measure, etc., which
are the independent variables. Accordingly to Roy et al. [2001], PCE is a method used
to estimate the cost of future systems. Typically it is used during the early stages of
development, when there is little product information available. The main principle of
PCE is to develop a statistical relationship between attributes and cost of previous
products in order to predict the cost of a new product. Roy and Rush [2000] state that
parametric estimating can be used throughout the product life cycle. However, it is
mainly used during the early stages of development and for trade studies e.g. within
design-to-cost (DTC) analyses. Both industry and Government accept the techniques.
Parametric analysis has some strong advantages for estimating costs and the duration of
development schedules. Its principal advantage is that after a basic parametric
estimating relationship has been defined, applying the method is straightforward.
Further the analyst is not to required to be a technical expert and a detailed conceptual
design is not necessary to employ this method. Esawi and Ashby [2003] add that PCE
has the merit that it can be applied to large, complex systems. However, it does have its
limitations; for example, CERs are sometimes too simplistic to forecast cost.
Inappropriately considered, a CER could provide a completely misleading result [Roy et
al., 2000].

Feature based costing (FBC) is a relatively new form of parametric estimating.
According to Kekre [1999], choices regarding the inclusion or omission of a feature
impact on the downstream cost of parts, and eventually on the life cycle costs of the
product. Ou-Yang and Lin [1997]; Bronsvoort and Jansen [1994] investigate the
integration of design, planning and manufacturing for cost engineering purposes using a
feature based modelling approach. The FBC approach is not yet fully established, and
its implications are not yet completely understood [Rush and Roy, 2000].

Similar empirical scaling

Similar empirical, or cost scaling methods can be used at the component level [Hoult
and Meador, 1997, Boothroyd et al., 1994, Ostwald, 1998, Weustink et al., 1998, Ulrich
and Eppinger, 2000, Swift, 2003]. They are based on correlations, again using historical

data, for the cost of making a part with a given set of features. Thus the cost of a sheet
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metal part with features acquired by shearing, drawing or folding can be estimated by
analysing correlations between the cost of previously made parts with these features
against their size, shape and complexity, and then locating the new part in this field of
costs. The method yields results of high precision; within a limited domain - such as
that of sheet stampings - it is perhaps the most successful approach to cost estimation in
the early phase of design process. But the requirement of correlations based on
historical data for a family of closely related products made of the same materials - a
narrow domain - is a very restrictive one. The approach is of little help in guiding pre-
selection, for here the domain is enormous and historical data exist only for a very small
part of it.

Activity-based costing

According to Cokins [1998], activity based costing (ABC) is a process for measuring
the cost of the activities of an organisation. It is a quantitative technique used to
measure the cost and performance of activities e.g. inspection, production processes and
administration [Rush and Roy, 2000]. Each activity within an organisation is first
identified and then associated with an average cost. Once this is accomplished, it
becomes possible to estimate the amount of activity a product is likely to need and then
associate the relative costs. Some authors [Cooper, 1988, Emblemsvag and Bras, 1994]
explain that ABC seeks to calculate and sum the cost of each operational unit involved
in the manufacturing of a component or system (retrieval of materials, set up time, time
to perform step, de-mounting time, time to pass to next step, etc.). Information of such
detail can be established only when the design is in its final phase. The method is
helpful in cost cutting and for competitive bidding when established processes are in
place, but it requires a formidable repository of input data — data that are not available in
the early stages of design when many alternative concepts are still under consideration.
Rush and Roy [2000] support this statement and claim that ABC techniques are not
useful during the conceptual phase of project development.

Resource-based costing

According to Esawi and Ashby [1998], Resource-based costing assesses the resources
of materials, energy, capital, time and information associated with the manufacturing of

the component. The method is approximate — often values for these inputs are known
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only within broad limits — but it is comprehensive, equally applicable to all processes no
matter how different, since all consume these basic resources. This makes the method
well-suited for assessing relative cost and for guiding pre-selection. Technical cost
modelling [ Field and de Neufville, 1988, Clark et al., 1997] starts from similar basis,
refining it by adding more detail and incorporating sub-models for the way in which
equipment and tooling cost, production rate and such like scale with the size,
complexity and production volume of the component. It becomes useful when a process
has been implemented and guidance is sought in optimising its operation.

Other recent developments within the cost estimating community concern the use of
artificial intelligence. The implications of which are discussed below.

Neural network based cost estimation

Villarreal et al. [1992] claim that neural networks (NN) and fuzzy logic present the next
generation in computerising the human thought processes. According to Rush and Roy
[2000] for cost estimating purposes, the basic idea of using NNs is to make a computer
program learn the effect of product-related attributes to cost. That is, to provide data to a
computer so that it can learn which product attributes affect the final cost most. This is
achieved by training the system with data from past case examples. The NN then
approximates the functional relationship between the attribute values and the cost
during the training.

Bode [1998] states that neural networks produce better cost predictions than
conventional regression costing methods if a number of conditions are satisfied. The
neural network does not eliminate any of the difficulties associated with preliminary
activities when using statistical parametric methods, nor does it create any new ones.
The analyst is still left with a choice of cost drivers and must commit to collecting
specific cost data before analysis can begin. According to Hornik [1997], a great
advantage of NN over parametric costing is its ability to detect hidden relationships
among data. The NN case base must comprise similar products, and new products must
be of similar nature in order for cost estimate to be effective. Thus, NN cannot cope
easily with novelty or innovation. The artificial NN truly becomes a “black box” CER.
This is a disadvantage if customers require a detailed list of reasons and assumptions

behind the cost estimate.
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A final estimating technique to discuss is the analogous method and more particularly
that of case based reasoning.

Case based reasoning

Rush and Roy [2000] state that analogy makes use of the similarity of products. The
implicit assumption is that similar products have similar costs. By comparing products
and adjusting for differences it is possible to achieve a valid and useable estimate. The
method requires identifying both the similarities and differences of items. This can be
effected on the basis of experience or through databases of historical products. Case-
Based Reasoning (CBR) can also be classed as a form of artificial intelligence since it
can be used to model, store, and re-use historical data, and capture knowledge for
problem solving tasks. An important feature of CBR is the ability to learn from past
cases. A CBR system stores and organises past situations, then chooses a situation

similar to the problem at hand and adapts a solution based on the previous cases.

The previous section has shown several state-of-the-art-techniques used to effect cost
estimating, particular emphasis being given to their applicability. This provides a broad
overview of the strengths and weaknesses of each method. It is apparent that activity
based costing, resource based costing and neural networks cannot be used during the
earlier product phases in the PDP, a result in complete accordance with the assumptions
of the research aim. Furthermore neural networks cannot easily cope with innovative
developments, which in the case of BIW design are central. Parametric cost estimating
methods are sometimes too simplistic to forecast cost and could provide a completely
misleading result. An empirical scaling method based on historical data for a family of
closely related products made of the same materials is a domain too narrow and
restrictive to be applicable to BIW cost estimating. The case based reasoning method,
which presupposes the similarity of products, is also not appropriate for BIW cost
estimating.

The consideration of state-of-the-art- cost estimating techniques shows, therefore, that

there is no ‘off-the-shelf” solution available for the BIW cost estimating problem.
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2.7 Discussion of the Literature Review Findings

The shortening of the total development time, hence of the Preliminary Work Phase of
the PDP, automatically narrows the time-range of cost estimation and calculation. This
led to the need of a cost estimation methodology tailored to the requirements of design
in the Early Phase of development process. Furthermore there is a strong effort to
achieve a reduction of car body weight by the application of light-weight materials,
which require new Joining Technologies. These technical changes are making cost
estimates more difficult, while increasing manufacturing costs are making them more
necessary. It became obvious that the use of BIW Working Contents will be

fundamental to the cost estimating process.
2.7.1 The Need for a Cost Estimation Methodology

After an initial review of the subject areas listed in the introduction to this chapter, it
became apparent that the literature currently available offers no obvious ‘off-the-shelf’
solution to the cost estimation problem of BIW design in the preliminary phase of the
PDP. The approaches described indicated partial solutions, and useful tools and
techniques for their implementation, but none of these provides a holistic approach to
the problem.

This led the researcher to the view that there is a gap in the literature as well as in
industrial practice when it comes to the design and implementation of cost estimating
processes for BIW design in the Early Phase of the PDP.

There is a constantly growing demand for greater effectiveness and higher efficiency in
the design and manufacturing engineering processes of the automotive industry. The
new product strategies of a car manufacturer involve the overall business driver: to
shorten the design processes, to improve fuel consumption by reducing car body weight,
and to get greater control over product cost by improving early cost estimation. At
present this latter is a lengthy procedure that can take up to several months and requires
input from three different departments, as shown in section 2.4. Automotive practice
requires new methods and processes to enable the designer to determine the future
manufacturing costs of new BIW design concepts in a short period of time. In view of

currently known and utilised methods and applications of cost-effective design - as
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indicated in section 2.5.3 - it is clear that these methods and applications are not directly
transferable to the new requirement for rapid product development. The intended
research work will use these methods as a basis for further development of a cost
estimation methodology.

Given that somewhere between 60% and 85% of manufacturing costs are established
during the Preliminary Work Phase by the design department, it is essential to provide
BIW engineering with a rapid cost estimation process.

All these considerations emphasise the need for the development of a methodology
capable of providing a systematic approach to the comparison of future manufacturing
costs of BIW design concepts, and thus of assisting with cost reduction in the Early

Phase of the PDP.
2.7.2 Novelty of the proposal for a Cost Estimation Methodology

The literature review of the BIW design process and the active integration of the design,
planning and finance departments has shown that a structuring of the work sequence
and of WC’s is of critical importance for the development of a cost estimation
procedure. The idea behind the proposed approach is to represent the design concept
using WC’s, which are further expressed in JT’s. WC’s in this situation can serve as a
common denominator to the departments mentioned in section 2.4.3. A designer has to
make a decision as to the most effective combination of JT’s for his design concept with
regard to manufacturing cost. Cost estimating and reduction by supporting the joining
process selection represents a new approach in the area of cost estimation in the Early
Phase of the PDP. The suggested approach provides the design department at the end of
the design process with a comparison of relative manufacturing costs of different new
BIW design options in the Preliminary Work Phase of design. This methodology is
primarily intended to be used by the design department and, in contrast with former

processes, is not restricted to the planning and finance departments alone.

2.8 Summary

The literature review verifies the assumption that no existing process provides the
Body-in-White designer with a systematic approach to the comparison of relative

manufacturing costs of different new design concepts in the Early Phase of
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development. The review stresses the impact of cost management on the product
development process, as well as the difficulties and challenges faced by companies that
compete in today’s market and have come to realize that new cost estimation systems
are a requirement of critical importance. A further discussion of the tasks and main
phases of a generic vehicle Product Development Process has been introduced to reveal
coherences in the development sequences systematically. Hence the integrated process
of Body-in-White design has been presented with its high requirements to the car body
designer. In this context the customer demand for improved fuel-efficiency by
reductions in car body weight became apparent. Hence the application of light-weight
materials requiring the use of new Joining Technologies must be taken into account. In
this context the proportion of Body-in-White to total car cost - the overall business
driver of the research project - is established.

On the basis of a current example of a car body the relevance of Working Contents
within the Body-in-White design process and the cost estimating process has been
shown. It became apparent that Joining Techniques are the main cost driver in the
Body-in-White manufacturing process. Therefore an outline is given of the various
Joining Techniques currently used in car manufacturing.

Another step for the development of a cost estimation methodology is the analysis of
interactions between Design, Planning and Finance with its current time consuming
cycle of information exchange. In the present state of affairs the Body-in-White
designer simply does not get enough information to permit an early cost estimate of his
design concepts. To meet this need a chart showing the various domains of knowledge
characterising each of the aforementioned departments has been developed to shorten
the time of information exchange.

Subsequently there is a classification of methods and applications for cost-effective
designing on the basis of whether they are qualitative or quantitative. Thereby it
becomes apparent that no off-the-shelf cost-effective designing methods are directly
applicable to the cost estimation of new Body-in-White design concepts. Only
components of these existent methods are used for the development of the Body-in-

White cost estimation methodology proposed. Additionally main methods used in the
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industry for cost estimating were introduced and scrutinised for applicability to the
research problem.

The subsequent discussion of the literature review findings deals with the need of a
research methodology that can shorten the design and cost estimating procedure for the
Early Phase of the development process. Finally, the novel approach of cost estimating
that consists in using Working Contents to expedite selection of the most cost effective

combination of Joining Techniques for a new Body-in-White design is introduced.
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3 Research Methodology

3.1 Introduction

The description and development of the original problem in the previous two chapters
led to the research project and the literature review, which produced a series of
arguments showing the need for a cost estimating tool in the Early Phase of product
development. This in turn led to development of the research hypothesis, for the testing
of which a research methodology had to be fixed upon. This methodology will be
considered and defined in the present chapter.

A critical issue for any researcher is how to explore, describe and explain the problem
treated [Blaikie, 1991]. Chapter 3 opens with a general definition of what research
methodologies are available and which are appropriate to the present research. The
research paradigm provides the framework for the study by specifying ‘what we can
know’, ‘how we can know it’ and ‘what role the researcher plays’. The research strategy
will be outlined, including decisions as to which type of data to collect, which research
design to use, and how the role of the researcher should be construed. The research
strategy determines the choice of data collection methods, as well as the approach to the

process of data analysis. The procedures followed are outlined in detail.

3.2 Definition of the Research Methodology

A research methodology is a set of principles that may be reduced to a method uniquely
suited to a given situation. A methodology is a body of methods, procedures, working
concepts, rules and postulates employed in science, art or some other discipline. It is a
process of inquiry, rather than a method that produces a predetermined result. It also
enables the investigator to develop a plan for studying a situation, permits iterations
between research stages and defines the investigator’s role [Blaxter et al., 1996]. In
addition, it makes it possible for the objectives of the study to be stated, reviewed and
modified [Bignell, 1991].

It is widely accepted that the research approach, design and methods should be chosen
on the basis of the research objectives to be achieved [Easterby-Smith er al., 2001;

Saunders et al., 2002]. One of the general principles of a Research Methodology is that
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there is usually no one best approach but rather that the approach most effective for the
resolution of a given problem depends on a large number of variables, of which the
nature of the problem itself is not the least.

According to Gill and Johnson [1997], a research methodology is always a compromise
between options, and choices are frequently determined by the availability of resources.
It is helpful conceptually to separate the content of the task from the way the task is
accomplished; that is, to separate the content (what) from the process (how). [Schutt,
1996] adds that research methods based on this analysis are then primarily concerned
with how (process) to tackle tasks (content). It should be borne in mind that “the
research process is not a clear-cut sequence of procedures following a neat pattern, but a
messy interaction between the conceptual and empirical world, deduction and induction

occurring at the same time” [Bechhofer et al., 1984].

3.3 Research Methodologies

The purpose of this chapter is to

a) define and justify the methodology of the research.

b) present and discuss the inquiry method selected to collect data.

c) describe the process of data analysis and treatment.

d) reduce different types of bias by using the right data collecting technique.
e) present a method for evaluating the research.

f) discuss the methodology of the case studies.

Research methodologies are generally classified into two basic groups; namely, the
quantitative (or scientific) and the qualitative (or interpretative) [Robson, 1995]. The
former approach is also sometimes referred to as the “traditional approach” and is
commonly associated with laboratory experiments, mathematical modelling, etc.
Checkland [1994] designates these two approaches as “hard systems” and ‘“soft
systems” thinking, respectively. In addition, the former is usually related to the scientist
and the second to the engineer or technologist.

To understand the purpose of each, Checkland [1978] provides the following example:

where the scientist asks: “have we learnt anything?*, the engineer asks: “does it work?”.
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According to Avision [1999], qualitative research (e.g. case study, grounded theory,
etc.) is now accepted as equal in value to quantitative research (e.g. mathematical
modelling, statistical analysis, etc.) when used appropriately. The following section
presents both research methodologies with a discussion of their main strengths and
weaknesses. It states which was found more suitable for the research. However, it

should be borne in mind that there is no perfect methodology [Garson, 2002].
3.3.1 The quantitative Methodology

The purpose of scientific or quantitative methodologies is to establish proven knowledge
about the world and our place in it. According to Checkland [1978], its method, the carrying
out of reductionist, repeatable experiments, which aim to test hypotheses, has been attended
by notable success.

Quantitative approaches are built upon a foundation of premises and beliefs, including
the assumption that data must yield proof or strong confirmation of a theory or
hypothesis in a research setting. Robson [2002] states that the purpose of the
quantitative approach is to develop causal laws, where data are derived from the use of
strict rules and procedures fundamentally different from common sense.

Strengths: According to Burns [2000], the quantitative approach has a number of
strengths. First, it has control and precision that is achieved through sampling and the
design of experiments and through reliable quantitative measurements. Second, the
value of a variable can be shown to have a direct causal effect on another when other
variables have been controlled. Third, hypotheses are tested through deduction with the
use of quantitative data permitting statistical analysis.

Weakness: The scientific approach is not the most suitable to apply in real world
situations because its objectivity does not allow the subjectivity of the social action of
reality to be taken into account [Robson, 2002]. Based on the assumption that facts are
objective and the same for all people at all times, it fails to take account of people’s
unique ability to interpret their experiences, construct their own meanings and act on
these [Burns, 2000]. In addition, Robson [2002] states that quantitative research restricts
experience in two ways: first by directing research to what is perceived by the senses;
second by employing only standardised tools based on quantifiable data to test

hypotheses.
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Furthermore, Burns [2000] argues that there is a lack of flexibility with this approach
because the criteria considered appropriate for the research are not necessarily
appropriate for the work that rests on different assumptions, uses different methods and

appeals to different forms of understanding.
3.3.2 The qualitative Methodology

Within a qualitative methodology, the world is seen as problematic and such that it
should be studied systematically. According to Checkland [1988], this methodology is a
systems-thinking approach to “messy” real-world problem situations dominated by
different attributes of meaning. Gerson and Horowitz [2002] suggest that this
methodology is concerned not only with objectively measurable “facts” or “events”, but
also with the way in which people construct, interpret and give meanings to the
experiments.

Moreover, it offers ways of examining the intervention itself, as well as the problem
situation, as both a social system and a political system [Checkland, 1994].

Furthermore, according to Mingers [1984], qualitative research is action-oriented, its
purpose being to facilitate taking action in the real world in order to bring about change.
Strengths: The main advantage of the interpretative methodology is that contact with
participants is possible at various levels in a manner more likely to provide accounts of
events with depth as well as breadth [Bryman, 2001]. Eisner [1979] describes this
approach as being highly relevant because it is concerned with processes rather than
consequences, wholeness rather than independent variables, and meanings rather than
behavioural statistics.

Also Flick supported this statement; Flick argues that researchers are increasingly
confronting new contexts and perspectives [Flick, 2002]. Avison [1999] pointed out that
a particular strength of qualitative methods is their value in explaining what goes on in
organisations.

Weaknesses: A limitation of qualitative approaches is the difficulty of applying the
standards of reliability and validity needed for evaluation [Shaw, 1999]. Parlett argues
that intimacy between participant and observer affects the result. On the other hand, the
observer needs to gain some confidence with the participant in order to retrieve quality

information [Parlett, 1976]. In addition, the promise of anonymity, which often serves
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as the basis for trust, together with the requirements for authenticity, makes the task of
the researcher difficult. Another weakness of this approach is that the researcher needs
to spend a considerable amount of time in the research setting in order to examine the

interactions, reactions and activities of subjects.
3.3.3 Types of Research Methodologies

According to Jenkins [1991], the following methodologies are pertinent to research

work.

¢ Quasi Experiments

e Laboratory Experiments
e Action Research

¢ Survey Research

e (ase Study Research

Consideration of the present area of research shows that survey and case study research
are the most appropriate methodologies for pursuit of the research work. Consequently a
survey is conducted in the initial stages of the research and a case study is carried out
for validation of the optimisation methodology developed. In the following both these

types are described in detail.
3.3.3.1 Survey Research

Survey research is the method of collecting information by asking a set of pre-
formulated questions in a predetermined sequence in the form of a structured
questionnaire to a sample of individuals drawn so as to be representative of a defined
population [Hutton, 1990]. Thomas [1996] describes a survey as a procedure in which
information is collected systematically about a set of cases (such as people,
organisations, objects). Thomas goes on to argue that surveys resemble laboratory
experiments; they are sometimes used purely for data gathering or they are used to test
hypotheses or to estimate relationships between variables. Gill and Johnson [1991]
share this point of view. They say that survey research can be applied in two different
ways, depending on the researchers’ objectives. It can be used to test existing theories

and, in such a case, to transfer the principles of the true experiment into a real setting.
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Key issues in this explanatory or analytical survey are sample size, data collection
procedures, analysis and measurement.

The aim of the alternative approach is to explore an area in order to identify existing
correlations. In such a survey, open and probing questions will be asked. In a transition
from questions like “how many” to “why”, no doubt, analytical surveys are the ones
indicated. Collecting information by means of survey research has a number of distinct
advantages over alternative methods of collecting similar information. According to
Hutton [1990], these are the following:

® Questions are designed so that answers from individual interviews can be added
together to produce results, which apply to the whole sample. This is further
facilitated by the fact that questions are asked in a systematic way.

e The research is based on interviews with a representative sample of respondents
as far as is practical. This means that results from the survey can be projected
onto the population as a whole, with a calculable degree of reliability.

® The questions are designed to be unbiased in the sense that they are phrased in
such a way that no preferred answer is implied.

o  Surveys lend themselves to future replication because the questions, the
interviewing technique and sampling are tightly controlled. Thus a survey can be
repeated one, two, three or more months or years or decades later to assess the
degree of change in the intervening period.

Czaja and Blair [1996] subdivide survey research into five stages:

Stage 1: Survey Design and Preliminary Planning

Stage 2: Pre-testing

Stage 3: Final Survey Design and Planning

Stage 4: Data Collection

Stage 5: Data Coding, Data-File Construction and Analysis

Within each stage there are a number of activities to be undertaken and decisions to be
made. Czaja and Blair also point out the potential need for iterations within and between

stages. This means, for example, that, even with careful planning in stage 1, there will
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be changes in the following stages due to the outcomes of the testing or the monitoring

of the actual data collection.
3.3.3.2 Case Study Research

Case study design is “a specific way of collecting, organising and analysing data.
According to Patton [1990], the purpose is to gather comprehensive, systematic and in-
depth-information about each case of interest”.

Case study research is but one of several ways of doing social science research. Yin
[1994] states that it is generally the preferred strategy when “how” or “why” questions
are being posed, when the investigator has little control over events and when the focus
is on a contemporary phenomenon within some real-life context. Yin calls these
“explanatory” case studies and points out that there are other forms, namely
“exploratory” and “descriptive” case studies. This statement is also supported by
Robson [1993].

Exploratory research is undertaken so that new insights may be gained into poorly
understood phenomena [Zikmund, 2000; Solomon, 1996]. The central idea is to identify
new problems and generate hypotheses to be tested in future research [Welman and
Kruger, 2001; Marshall and Rossman, 1999]. According to Kjellen and Soderman
[1980] case study research is a useful strategy for studying processes in companies and
also for explanatory purposes.

An important advantage with case study research is the opportunity for a holistic view
of a process [Valdelin, 1974].

Holism may be viewed as the opposite of reductionism [Capra, 1982]. Case studies can
be of particular value in the applied sciences, where research often aims to provide
practitioners with tools [Alloway, 1977].

A frequent criticism is that case study research is inferior to methods that are based on
random statistical samples of a large number of observations. Bonoma [1985] argues
that during recent years, case study research has received growing recognition among
groups of management researchers in Europe.

A number of researchers propound the careful examination of a few cases rather than

trying to generalise over hundreds of cases [Kirk and Miller, 1986; Gill and Johnson,
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1991; Gummesson, 1999; Stake, 2000], and consider quality and depth more important
than mere sample size.

Summarised below are general points of criticism towards the case study research
methodology. One argument brought against case studies research is that case studies
are often sloppy investigations where equivocal evidence or biased views influence the
direction of findings and conclusions. Important arguments against this statement are
given by Yin [1994], who states that bias can reduce the quality of any research and that
a case study carried out by following a stringent methodology can be of high quality and
reliable. An additional argument against the case study is that of reduced
generalisability. Another weakness of the case study method concerns its presentation;
namely, that it is too long and cannot be readily analysed. This line of argument is
countered by Yin [1994], who says that it is a question of the presentation format and its
structure, and that cases can be described in an acceptable length. The methods for
carrying out case study research presented in Robson [1993] and Yin [1994] have in
common that a theoretical or conceptual framework has to be used or developed before
the case study can be developed. The aim of such a framework is to guide data
collection and analysis [Popper, 1996].

It is important to note that following the drawing of cross-case conclusions, the theory
on the basis of which a case study was designed may have to be adjusted as a result of

the findings of the study [Popper, 1994].
3.3.4 Evaluation and Selection of the Research Methodology

Qualitative methodologies do not have the intention of creating rigorous models of the
system, despite the role played by empirical observation [Jones, 1978]. Thus, Jackson
[1982] argues that quantitative methods should not be used in studying either the social
world or information systems because their complexities are best addressed by methods
of the social sciences. The qualitative and quantitative approaches are now of equal
value for research. McKie [2002] argues in addition that qualitative research is
appropriate where potential outcomes are not clear in advance. Moreover, despite much
Management Information System (MIS) research following the traditional conventions
of scientific methods [Tranfield, 1983], the qualitative approach has been applied

successfully to Information System (IS) development [Symons and Walsham, 1989].
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This methodology has also been successfully applied by Ince [2000] and Silva [2002]
when developing a methodology for capturing user requirements for Information
System design and optimisation. In view of the strengths and weaknesses of each
methodology, and of the valuation of the above mentioned arguments, the qualitative
approach seems to be to be the most suitable for carrying out the present research work
because the initial problem is not of a statistical nature making the quantity of data
essential. This research problem is associated with singular technical processes where
the contact with participants at various levels is of critical importance.

As will be seen later, some data collection and analysis methods traditionally used
within quantitative approaches are also used.

Even though Garson [2002] states that there is no perfect methodology for conducting
research, the qualitative methodology has been found most appropriate for the present
study. In addition, the research will have an exploratory purpose, which is a feature of
qualitative research. As to the research strategies, they are usually resolved into five
distinct strategies: experiments, surveys, archival analyses, histories and case studies,
and surveys [Yin, 1994].

An industrial survey, based on questionnaires, interviews and analysis of documents has
been used in this research to give a detailed insight into the design, planning, finance
and manufacturing activities of BIW development, although an industrial case study has
also been conducted to validate the new developed optimisation methodology of this
research work. The following sections present the data collection, analysis and

evolution strategy that has been followed according to the research approach adopted.

3.4 Data collection Methods

Although many have the impression that data collection is the major enterprise in
research, this is not strictly correct. Preparation takes the most time, and drawing
conclusions and writing the report takes more time than data collection in most cases.
Babbie [1990] adds that the evidence collected by the research process is called data.
Data are facts produced by research. Data are not abstract; they are concrete, they are
measurements of the tangible, countable, sensate features of the world. Data are usually

called quantitative if they are in numerical form and qualitative if they are not. Pursuant
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to Trochim [2000], proponents of each type of data often argue the superiority of their
kind of data over the other. Those in favour of the quantitative types argue that their
data is hard, rigorous, credible and scientific, whereas proponents of the qualitative
types counter that their data is sensitive, nuanced, detailed and contextual.

In our research work both data types will be relevant. Getting data from the Design,
Planning and Finance means getting mostly quantitative data. Data from the
manufacturing area will be mostly of the qualitative type.

The following section will assess the “from where and from whom we are going to get

the information”, and “how we will get the information”.
3.4.1 Data collection Techniques

This section introduces a range of data collection techniques. Each technique is
described briefly, along with its strengths and weaknesses. It discusses data collection

techniques that could be used to gather information in a real world context.
3.4.1.1 Interviewing

As in many forms of qualitative research, interview data are usually favoured as a
means of illustrating findings and supporting the developed theory [Bloch, 1996].
Interviewing is a data-collection technique relied on quite extensively by qualitative
researchers. It is often described as “a conversation with a purpose” [Miller et al.,
1997]. Interviewing as a research method typically consists of a conversation [Kvale,
1996] for a specific purpose, in which the researcher asks questions and the respondent
answers them [Rubin and Rubin, 1995].

An interview is a method of data collection that may be described as an interaction
involving the interviewer and the interviewee the purpose of which is to obtain valid
and reliable information [Golden, 1997]. Interviews may range from casual
conversation or brief questioning to more formal, lengthy interactions [Gummesson,
1993]. The interview is the main road to multiple realities [Dexler, 1970]. Interviews
have particular strengths and weaknesses [Mantwill et al., 1995]:

Strengths: An interview is a useful way to get large amounts of data quickly. When

more than one person is used as an informant, the interview process allows for a wide
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variety of information and a large number of subjects. It also allows for immediate
follow-up questions and, if necessary, for clarification.

Weaknesses: Interviews must involve personal interaction; cooperation is essential.
Interviewees may not be willing to share all the information the interviewer needs. The
interviewer may fail to ask appropriate questions because the interviewer lacks expertise
or familiarity with technical jargon; conversely the interviewer may fail to comprehend
properly the answer given.

The research methods literature [Patton, 2002; Yin, 1994] suggests that interviews are
an appropriate means for exploring what is in an automotive developer’s mind and for
getting at data that cannot be directly observed.

Interviews may take many forms: they may be structured, unstructured, group, face-to-
face or conducted over the telephone. With grounded theory the most common form of
interview is the face-to-face unstructured or, more realistically, semi-structured, open-
ended, ethnographic, in-depth conversational interview [Goulding, 2002]. It should also
be flexible enough to allow the discussion to lead into areas which may not have been
considered prior to the interview but which may be potentially relevant to the study
[Fontana and Frey, 1994].

According to Robson [2002], in circumstances where individual perceptions of a
process within a social unit, such as a work-group, department or whole company, are to
be studied prospectively, qualitative research interviews are the most appropriate. In
addition, Wengraf [2001] argues that interviews are designed for the purpose of
improving knowledge and for going into matters in depth.

Semi-structured interviews: have pre-determined questions, although the order can be

modified based upon the interviewer’s perception of what seems more appropriate
[Bechhofer et al., 1999; McCrone et al., 1998]. Finally, in the unstructured interviews
there is no standardised list of questions. The interview takes the form of a free-flowing

conversation between interviewee and researcher.

Short ad-hoc interviews: are useful for “quick problem solving”. To fill in small gaps in
data collections, a short ad-hoc interview, whether by telephone or face-to-face, is
undoubtedly best. In cases where internal documents have to be analysed, difficulties in

understanding are frequent and are best remedied by a short ad-hoc interview.
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A topic guide [Easterby-Smith et al., 1991; Patton, 1987] was used to provide the

necessary structure and to ensure that key areas of interest would be explored,Table 3.1.

» To what extent is your department in a position to estimate manufacturing cost
in the Early Phase of Development?

» What kind of data are available in your department for the estimation process?

> ¥What source of data would be of help to you in working out an estimation?

> How long does it take to obtain information from the data source?

» In which phase of the development process you can start with the estimation?

» What are the main obstacles for cost estimation in your department?

» Would you expect a new cost estimation tool to have an impact on your decision making?

Table 3.1: Example of topic guide for Design, Planning, Finance and Manufacturing.

The topic guide was updated on the basis of what emerged from the analysis of previous
data. The number of interviewees and the time of interview are difficult to specify
because they depend on the organisation’s availability and the informant’s agenda. As a
next step, the interview process also involved a questionnaire that informants were
asked to complete once the interview was concluded. The combination of interview and
questionnaire has been used by Hansen et al. [1980], Ince [2000] and Oskamp [1977]

for collecting qualitative data.
3.4.1.2 Questionnaires

If interviews are, as was argued in the previous section, unavoidably fluid because they
are a species of social interaction, structured questionnaires are a means of trying to
control that uncertainty [Heath et al., 1994]. Structured written questionnaires can be
administered either by interview or by post [Oppenheim, 1992], although these two
types of data collection involve somewhat different question formats [Hart, 1998]. For
postal survey they are, in fact, the only realistic option. In other words, there are clear
instructions with relatively simple questions and relatively straightforward ways of
answering them. One cannot really expect people to write essays in reply to postal
questionnaires [Cannell et al., 1981]. In using questionnaires, researchers rely totally on

the honesty and accuracy of the participants’ responses [Marshall and Rossman, 1989].
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Questionnaires typically entail several questions that are open-ended or have structured

response categories [Munn and Drever 1990].
3.4.1.3 Analysis of internal Documents

The analysis of documents and other kinds of text in already published or otherwise
available form can be immensely rewarding; there is an excellent discussion of this type
of research in Scott [1990]. Within each company, the documentation and information
about different kinds of technical processes are extensive. The aim of the analysis of
internal company documents is the extraction of important data. Difficulties in
extracting proper data out of the “data flood” could by solved via ad-hoc interviews or
ad-hoc meetings with experts who are responsible for the internal data source. These
kinds of data were of critical importance to our research for the development and

validation of the cost estimation process.

3.5 The Research Strategy

The exclusive use of qualitative data collection techniques is not a requirement.
According to Stake [1995], the strategy is a road map, an overall plan for stimulation
interest in systematic inquiry. A case study can use several techniques to elicit the
desired information. Some techniques are usually associated with specific strategies, but
rather than dictate whether qualitative or quantitative data will be gathered, the overall
approach frames the study by placing boundaries around it and identifying the level of
analytic interest. Marshall and Rossman [1989] point out that the research strategy
reflects a series of major decisions made by the researcher in an attempt to ascertain the
best approach to the research questions in the conceptual portion of the proposal.

A research process having been defined and a number of research methodologies and
pertinent evaluation criteria having been described, it remains to consider the
development of the overall research strategy. According to Bennett [1991], Gill and
Johnson [1991], Popper [1994] and Blaxter et al. [1996], the following three factors
must go into the formulation of the research strategy: (i) the research question / problem

(i1) the research setting and political context (iii) the resources available.
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A definition of the overall research strategy must involve a) consideration of these
points, b) bringing together the methodologies that deliver the maximum overall
validity, and ¢) integrating these methodologies into the research process.

In the previous section the theory of the research process and the available
methodologies were described, and the validity of the various research methodologies
was discussed. This section sets out to define the chosen research process and the

methodologies applied within it.
3.5.1 The Environment of the Research Strategy

In the following section the various ways in which the circumstances surrounding the

research had an impact on it are listed and discussed.
3.5.1.1 The Research Hypothesis

The design department commissioned the research because they realised that at present
there is no readily available methodology that can provide the BIW engineering
department with a systematic approach to the problem of how to compare the costs of
different new design concepts in the Early Phase of the development process.

The previous literature review provided evidence and the following hypothesis:

“It is possible to develop a methodology for estimating the relative manufacturing
costs of different BIW design concepts using the information contained in the

design specification data of the new design concepts.”

This statement is of critical importance for the development of the cost estimation

methodology.
3.5.1.2 The Research Setting

The content of the research problem was motivated by the development of a new car.
The decision to substitute aluminium for steel in the front-end, made in the course of the
series development phase, overtaxed the capabilities of the regular cost estimation
process. Thus was born the demand for a new and quick cost estimation process within
the BIW engineering department. As the PDP will, in future, be shortened, a linking

together of Design, Planning and Finance will prove inevitable.
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The project received support from the BMW R&D Centre. Design, Planning, Finance
and Manufacturing were the main sources from which data were to be gathered. These
departments were intimately involved with the research process, so it was clear from the
start that the outcome of the research work would not only be a theoretical
methodology, but also a practical, applicable process. Overall, the researcher had the
opportunity to view the performance of the process from a number of angles. This will

be reflected in the actual set-up of the research work.
3.5.2 Research Methodologies adopted

A number of different research methodologies improve the overall validity of the
research. Table 3.2 provides the researcher with a framework for deciding on the most
adequate and efficient research strategy. While Yin [1994] would assert that a strategy
does not, ipso facto, determine particular data collection techniques, Marshall and
Rossman [1989] have found that, in practice, qualitative techniques go quite naturally
with certain overall strategies.

In light of earlier studies on research methodology (see section 3.3.3), the goal of the
present study (cf. Table 3.2), which is (i) to identify or discover important variables and
(i1) to generate hypotheses for further research, seemed to make clear that the research
would best be carried out by means of exploratory case studies. In addition, a survey

was made, for which the reasons are given below.
3.5.2.1 Survey Research - Justification

In the initial stages of the research, a survey was conducted with a fourfold purpose: (1)
to justify the research, (ii) to focus the research, (iii) to define the problem, and (iv) to
outline a strategy for solving the problem. The following objectives were defined to:

¢ Identify any gaps in the literature.

e Identify the strengths and weaknesses of current cost estimation systems.

¢ Identify relevant findings to justify the research.

¢ Identify information pertinent to the problem.

¢ [dentify optimisation processes necessary for the cost estimation methodology.
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Table 3.2: Matching Research Questions with Strategy [Marshall and Rossman, 1999].
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In the course of the industrial survey, data capable of helping in the attainment of the
above listed objectives and of enhancing the argumentation were gathered from a
variety of sources. Questionnaires, interviews and analysis of internal documents were
the main techniques used for gathering data. The descriptive framework presented in

Figure 3.1 summaries the methodology followed in the inquiry process.
3.5.2.2 Case Study - Justification

The present section is devoted to the methodological sequence followed in an industrial
case study. The goal of the latter was to evaluate the developed methodology of optimal
Joining Technology selection that makes it possible to estimate the relative
manufacturing cost of different BIW design concepts, and further, to justify the
practicability and the benefit of this overall methodology. The following objectives

were set down.

e (Calculate the relative manufacturing cost of a real world BIW design concept by
using newly developed methodology.

e Verify the results of the calculation.

¢ Identify further advantages and disadvantages of the Joining Technique selection
methodology.

e Specify the field of application whereby the user of the methodology can
identify cases in which the user can obtain suitable results.

e Validate the new optimisation methodology.

These objectives were to be reached by means of a case study designed for that purpose.
The new developed methodology will be tested in the BIW engineering department,
which, in future, will be the main user group of the new estimation methodology.
Therefore interviews are also conducted with experts from Design, Planning and
Finance for gathering data from the real world BIW design concept example.
Subsequently a questionnaire will check the applicability of the new methodology.
Finally the boundaries and opportunities of the new optimisation methodology will be

shown in the case study.
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Figure 3.1: Survey research sequences.
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3.5.3 Data Collection Techniques adopted

In any production plant, there are four different groups of participants, each of which
has its own perspective. On one hand, there are Design, Planning and Finance, which
cooperate closely in the Research & Development Centre; on the other there is the

manufacturing area.

<+ Explore the understanding and acceptance of the need for a new cost estimation tool.

Reny-siuglired %+ |dentify the strengths and weaknesses of actual cost estimation tools.

Interviews ) o
%+ Explore perceptions of the helpfulness of the new cost estimation tool.
et FEE °3° Geta ﬁ.rst understanding of F.)roblems and difficulties that will appear.
—— ++ Get quick answers and solutions for small problems.
«+ Acquire a better idea of what to ask during interviews.
Observation of ++ Observe directly interaction between development, planning, finance and manufacturing.
Development and ++ Improve understanding of designer, planning, finance and manufacturing activities
Manufacturing Activities pertinent to relative cost calculation.

«+ Gain understanding of cost calculation systems currently in use.
%+ Describe previous cost estimation attempts.
«+ (Gain understanding of cost structure and locate their data sources.

Analysis of Internal
Documents

«+ Understand different views on the relative cost estimation process.

“+ Understand difficulties and limitations of cost estimation in preliminary phase.
Workshops ++ Decide which cost estimation approach offers promise of attaining unity.

++ Assess elaborate approaches to methodology.

++ Gain access to data networks.

“+ Acquire general survey of the need for new estimation methodology.
Questionnaires ++ Locate difficulties in obtaining reliable cost data.
%+ Obtain information about the time range of an actual cost calculation.

Further <+ Speak directly with designers, planners, controller and manufacturers.
Dlalogues % Improve understanding of development and manufacturing activities.
(formal & informal) ++ Assess elaborate methodology approaches.

Table 3.3: Objectives of data collection methods.

The use of a variety of data collection techniques permits an analysis of the entire cost
estimation area together with its related processes. The sub-objectives proper to various
techniques are outlined in Table 3.3. The objectives mentioned in Table 3.3 were the
basis for the development of a cost-estimation methodology and a silver line for the
work of data collection. Every data collection activity in Design, Planning and Finance
was steered by these objectives.

Data from the R&D Centre were collected via formal and informal dialogues, group
discussions, mini workshops with representatives from each department, observation of
development activities, semi-structured and short ad-hoc interviews, questionnaires and

analysis of internal documents. Data from the manufacturing area were collected via
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formal and informal dialogues, analysis of internal documents, observation of
manufacturing activities and semi-structured and short ad hoc interviews, Figure 3.2.

A further important point for the extensive data collection was the chronological order
of data collection techniques within the data collection process in the R&D Centre and
manufacturing area, see Figure 3.2. The main period of data collection and analysis
lasted eighteen months; it was followed by a second lasting six months, in which the
methods of relative cost estimation already developed were presented and discussed,
and more data and information were gathered, including critical suggestions for the
improvement of the new methodology. The data of this second period were collected
mostly by means of interviews. Once the data of the second period were analysed,

improvements in the methodology were put into effect.

Short ad hoc Interviews | | Short ad hoc Interviews
Manu;acturmg Interviews about Semi- Further
rea intentions structured Dialogues
and expectations Interviews (formal & informal)
intamal Analysis of internal Documents
Documents

Research & ‘ Questionnaires ‘ | Workshops | | Short ad hoc Interviews | Interviews about
Development Centre

understanding and

- Design Interviews about Semi-— Further
. p|annin’g intentions structured Dialogues : accepténce_ of the
- Finance ’ and expectations Interviews (formal & informal) Cost Estimation Tool
| [ T B
Time [months] -18 -12 -6 0 +5

Figure 3.2: Overview of data collection methods inside the research process.
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3.6 Summary

The chapter investigates feasible research methodologies for the research. For this
purpose the strengths and weaknesses of quantitative and qualitative methodologies are
scrutinised. Additionally different types of research methodologies with their inherent
opportunities and difficulties are explained. A subsequent discussion of the research
methodology points out which methodologies and techniques are relevant. It presents
survey research as the most suitable technique for data gathering and also comments on
the use of an industrial case study as an appropriate research strategy.

Further investigations have presented the data collection methods with their collection
techniques. It is pointed out that interviews, questionnaires and analysis of internal
documents are the data collection techniques most relevant to the research work.

In the last section the research methodologies previously adopted with their appropriate
data collection techniques are combined in such a way as to form the research strategy.
Finally there is a description of the field of application in the BMW Research &

Development Centre and manufacturing area, and of the appropriate time schedule.
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4 Industrial Survey

4.1 Introduction

The purpose of the present chapter is to pursue the research hypothesis by conducting a
survey of the proposed research strategy. The survey will consist in the identification of
pertinent literature, documentation and industrial survey findings. A questionnaire,
interviews, and the analysis of internal documents are the main data collection
techniques used. On the basis of the results obtained tables, sheets and matrices are
elaborated that will prove to be of critical importance for the development of the Body-

in-white cost estimating methodology.

4.2 Objectives of the Industrial Survey

The questionnaire, interviews and analysis of internal documents have been carried out
with a focus on the following objectives:
e Identify requirements of different departments involved with the
ascertainment of manufacturing costs.
® Characterise the relationship between Design, Planning and Finance
regarding the transfer of cost information.
¢ Investigate how cost information is processed within companies.
e Identify the types of costs that are important and necessary in the
Preliminary Work Phase of the development process.
¢ Identify the impact of a new cost estimation methodology on the decision
making process within the PDP.

® Analyse the technical phases within the BIW production process.
4.2.1 Avoidance of Bias in Research

According to Rothman [2002], bias is a ubiquitous and insidious problem in the design
and execution of research projects, and while no such project is exempt from it, some
are more prone to it than others. Whiting et.al. [2004] add that "Bias is the term used to
describe differences between the study findings and truth". Sica [2006] states that it is

difficult or even impossible to eliminate bias completely. The effort to do so usually
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introduces new bias or renders the results of a project less generalisable. In the same
vein Egglin and Feinstein [1996] add that readers must also be aware of the effect bias
can have on validity and of ways in which it can lead to data misinterpretation and limit
the applicability or generalisability of the results of a given research project. Therefore,
our goal must be to minimize bias and to make both researchers and readers aware of its
effects, thus limiting misinterpretation and misuse of data.

The literature pertaining to bias describes the numerous forms bias can take; in
the present project the focus is on information bias. The effort to reduce that bias was
one of the main factors determining the manner in which data and information were to
be collected. The previous chapter dealt with the data collection techniques deemed
most appropriate especially in terms of the avoidance of bias. The make-up of the
questionnaire and the manner of carrying out the interviews were designed to reduce
bias. The main question in the light of which the questionnaire was made up pertained
to the nature of the information relevant to the hypothesis and aim of the research
project. Accordingly the closed-ended questions were formulated with the help of
experts in the area concerned. Hence the questions were tested copious before starting
the process by sending it by Email to the participant. This was done to reduce the
questionnaire bias. In addition, the answers of the participants were discussed with
experts internal to the sponsoring company.

In the same way the interview outline with its questions, attached to appendix 3, was
prepared in advance to insure conformity of the questions asked with the research
hypothesis and aim. The questions asked in the course of the interview are specifically
designed to prevent the interviewer or interviewee from digressing inadvertently from
the subject. This step contributes to the reduction of interviewer bias. Results of
preceding interviews were discussed with experts after completing their own interview.
Obtained information and data from literature and databases were assured against bias
in the same way.

Additionally the internal validation, described in section 6.3.3.1, cut down the
information bias. Likewise the external validation of the obtained results, see section
6.3.3.2, by publishing, presenting and discussing results on conferences was an

important step for the reduction of the bias in research.
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4.3 Questionnaire

4.3.1 Aim of the Questionnaire

I order to identify current practice applicable to cost estimation of BIW design concepts
it was decided to utilise a written questionnaire approach. This method was chosen in
order to minimise subjectivity and provide an audit trail for the conclusions reached
[Robson, 2002].

The questionnaire survey aims to evaluate the main hypothesis, which stems from the
literature review in chapter 2.

Based on the final discussion of the literature review of section 2.7, the overall

questions for the questionnaire survey were defined as follows.

e [s it possible for BIW designers to estimate manufacturing cost in the
Preliminary Work Phase of the PDP?

e How long would it take to estimate the manufacturing costs of new
design concepts?

e Will the new methodology have an impact on the BIW designer’s

decision-making process?

As mentioned in the previous chapter on the questionnaire, our research work includes
closed-ended questions, where alternatives are given from which the respondents are to
make their selections. Questions of this type allow less freedom of expression and can
influence respondents. This process reduced bias by utilising a number of experts and
identifying similarities and differences in their replies to the questionnaire. It is
recognised that a questionnaire produces qualitative data only.

The justification for this is that the aim of the questionnaire is the acknowledgement of

the need for a cost estimation methodology within the automotive industry.
4.3.2 Development and Application of the Questionnaire

The literature shows that cost estimating is a wide area and that estimation approaches
could be different. For that reason it was necessary to obtain more information about the

present cost estimating process in the automotive industry by means of a questionnaire.

81



LS
W

£ §¢.° Chapter 4 : Industrial Survey

Cranfield University

Ny

The formulation of the questions follows the rules: “Keep the language simple”; “keep

99, ¢

questions short”; “avoid leading questions’; etc. [Robson, 2002].
4.3.2.1 Elaboration of Questions

The lay-out of the questionnaire is divided in 2 parts. The first part contains general
questions about the participant, namely his job title, the department for which he is
working, and the number of years he has been working in his field. The purpose of these
questions was to determine whether the participant was a professional and what his
level of experience in cost estimation was.

In the second part specific questions were asked. These questions pertained to the
possibility, duration, responsibility, importance and impact of the manufacturing cost
estimation process in the Early Phase of the development process. Within this part it
was analysed when and how cost estimation is possible. The following section
elaborates on the rationale behind each of the questions. Each question was carefully
designed to shed light on specific areas.

I. General Questions:

Q1: What is your job title?

This was to simply gain general background information on the precise role of the
expert questioned. The author wanted to know particularly how the participant fitted
into the company as a whole, in terms of his actual role.

Q2: Which department are you working for?

The author wanted to know particularly in which area cost estimators in the company
involved are engaged so that it could be identified where the competence of cost
estimation is located.

Q3: For how many years have you been working in that field?

It should be made clear whether the participant was to be rated as an expert or a
newcomer in the area of cost estimation.

II. Specific Questions:

Q4: Is it possible for your department to estimate manufacturing cost for a new Body-

in-white design at the preliminary phase by using an appropriate method?
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This question was asked to obtain a clear view if any proper methodology is available
for the manufacturing cost estimation of new BIW concepts in the Early Phase of the
PDP.

Q5: In which phase of the Product Development Process can you normally begin cost
estimation for a new design?

The aim of this question was to find out in which phase of the PDP methodologies for
cost estimating are available for assessment of new BIW design concepts.

Q6: If a new BIW design concept is available, how long would it take to estimate the
manufacturing costs?

Considering the duration of manufacturing cost estimation, Q6, concerned with the
amount of time required for estimation of manufacturing cost, asks how long it would
take to estimate manufacturing costs if a new BIW design concept is available. The aim
of the research project will be to expedite this process.

Q7: surveyed the participants on the question what data sources available to the cost
estimator enable him to proceed with the estimation process.

The aim of this question was to see which departments cooperate with the cost estimator
in the standard cost estimation process internal to the company. This information throws
light on the degree of cooperation between the design, planning and finance
departments in cost estimation.

Q8: Which of the departments mentioned in Q7 provide data of critical importance for
your cost estimate?

The author wanted particularly to find out from the point of view of the participant
which departments hold the data relevant to his cost estimation of new BIW design
concepts. The aim of this question was to ascertain which departments should work
together in close collaboration and which is the most important partner for the designer
who is making the cost estimate of new concepts.

09: Could you indicate your confidence level in the information obtained, using the
scale below?

The purpose of this question was to gain clarity on participant confidence in the data
obtained from the departments cooperating i.e., on the question whether the quantity

and quality of the data permit significant results in cost estimation.
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Q10: How long does it take to obtain the information from the data source?

The aim of this question was to ascertain the amount of time required to obtain
information from the experts of Finance, Planning, Design and Manufacturing that are
necessary for cost estimation.

Ql1: Can you rank using a scale from zero to a hundred the importance of having a
new tool for a rough manufacturing cost estimate in the Early Phase of the development
process?

In this context, Q11 was formulated with the aim of gathering information about the
need for every department to have a new methodology for BIW manufacturing cost
estimating in the preliminary work phase.

Q12: Do you expect this new tool to have an impact on your decision making process?
As an extension of QI11, Q12 inquires into participant expectations with a view to
determining the way in which the new methodology might have an impact on their
decision making process.

Once the questionnaire had been designed, it had to be tested, e.g. with colleagues and
experts from the sponsoring company, so that the design might be optimised.

In fact, the total survey process was tested, from the initial contact with the participants
via telephone to the ways of sending the material to participants and the actual filling
out and returning of the questionnaire. When the questionnaires were returned, the
analysis of the responses was also tested, the purpose being to ensure that the structure
and questions of the survey provided sensible data in terms of the aims and objectives of

the survey. The final questionnaire is enclosed in appendix B of the thesis.
4.3.2.2 Approach of Potential Participants via phone

The companies were approached by telephone, with the researcher using a standard
introduction to introduce the survey and to identify an interest in the potential
participant.

In accordance with the recommendations of Floyd [1993] and Thomas [1996] the
survey was introduced as a ‘“research project” in which participation is sought. The
target number of participants for the questionnaire survey was about 200 persons in the
leading automotive companies: Audi, BMW, Mercedes and Volkswagen. These

companies were chosen in accordance with the need to investigate a wide range of car
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producers, from, on the one hand, manufacturers of premium cars like BMW with
around 1 million units per year, to car manufacturers for the mass market, on the other,
like Volkswagen with around 4 million units per year (data of the year 2006).

The worldwide network of automotive companies has engendered contacts amongst
design, planning and finance departments beyond the sponsoring company.

The questionnaire was sent to the BIW design, planning and finance departments of
these four automotive companies.

It was explained to participants what was required of them; they were also told the
reasons why particular companies were chosen and where the names, addresses and
telephone numbers of the contacts came from. Furthermore, the benefits of participation
were explained.

Once the research was explained and questions were answered, the person contacted
was asked whether he or she would be interested in participating. In the event of a
positive answer, the option of an electronic questionnaire sent by e-mail or of a printed
questionnaire was offered.

Sending of Questionnaire

Following a positive answer, the questionnaire was sent out in the format agreed upon.
The timescales agreed upon for questionnaire returns were monitored by means of a
spreadsheet, and the participant’s organisation was contacted if the questionnaire had

not been returned within a few weeks after the promised return date.
4.3.2.3 Data Analysis

Returned questionnaires were analysed in the following way:

® (Questionnaires were checked for completeness and general approach to
filling out (high-level quality check).
e Responses were given a detailed analysis, and the data obtained were

transferred into a data analysis spreadsheet.

In some instances, where the responses were incomplete or not understandable, or
where an interesting point was raised, the participants were contacted again for

clarification or for further details.
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4.3.3 Questionnaire Findings
In the following section, the findings of the survey are presented and discussed.
4.3.3.1 Basic Questionnaire Survey Statistics

For the questionnaire survey, 180 persons occupied in twelve departments belonging to
four companies participated in the questionnaire survey. This was a response rate of
89%. Of those that did not participate, nine declined when first approached.

A further six declined participation after looking at the survey. Seven participants
agreed to participate, but did not return the questionnaire. In all but two cases, the
reason given for non-participation was a lack of time.

The original target number of participants (minimum of 200, maximum of 250) could
not be reached because of lack of time. However, analysis of the responses received
made it clear that the 180 who did participate were numerically ample for the purposes
of the survey.

The outcome of the questionnaire survey is reviewed in the following section. The

individual questions were numbered Q4 through to Q12.
4.3.3.2 Outcome of the Questionnaire Survey

On the basis of the objectives of section 4.2 the questions generated the following
results.

Q4: Is it possible for your department to estimate manufacturing cost for a new Body-
in-white design at the preliminary phase by using an appropriate method?

The possibility for the design departments to estimate manufacturing cost for a new
BIW design concept at the preliminary phase of the PDP by using an appropriate
method was rated below 20%. Slightly less than 20% of the participants thought it
possible for design departments to estimate the manufacturing cost of a new BIW
design concept by application of a reliable method at the preliminary phase of the PDP.
Those who did were from design departments, were able to estimate the cost of new
BIW design concepts in the preliminary phase, and had worked in their field of activity
for at least eight years. Between 70 to 80% of the respondents from the Planning
departments stated that they have no appropriate method for cost estimation of a new

design concept at the Preliminary Work Phase. Also, 50% to 60% of the informants
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from the finance departments were unable to effect cost estimates in the preliminary
phase of the PDP. The results of Q4 made it clear that the lack of a proper cost
estimation methodology is not a problem of the design departments alone. A great
number of planners and members of the finance departments are also unable to carry out
cost estimation of a new BIW design concept in the preliminary work phase. 87% of the
participants who claimed to have the possibility for cost estimation in the preliminary
phase have been working in their present capacity for at least eight years.

Q5: In which phase of the Product Development Process can you normally begin cost
estimation for a new design?

The inquiry showed that of about 40% of designers, the majority are unable to initiate
cost estimation until the beginning of the maturation phase.

On average, 20% of designers interviewed are capable of doing cost estimation in the
confirmation phase. Another 10% can start the estimation process in the coordination
phase. The majority of approximately 40% of the planners can achieve a cost estimation
result in the coordination phase. Around 20% of them can start the estimation process in
the preparation phase, which is at the end of the preliminary work phase, see section
2.3.1. The responses of the finance department members are comparable to those of the
designers. The majority can start in the maturation phase. At this stage of the PDP, the
process of cost estimation is mostly a process of cost calculation. Like Q4, Q5 shows
that there is no proper methodology for the majority of cost estimators in the
preliminary work phase.

Q6: If a new BIW design concept is available, how long would it take to estimate the
manufacturing costs?

The designer requires the longest time with 12 to 24 weeks for the estimation of a new
design concept. Within this time range, the minority of the respondents from the design
departments have to wait for more than 16 weeks until they get the result of the
estimation. Only around 20% of the designers will get a faster result in the time range of
12 to 16 weeks.

Approximately 40% of the participants from the design departments have to wait more

than 20 weeks for a preliminary result.
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The information received with Q6 verified the statement, as indicated in section 2.4.2,
that the “long” control loop is a time consuming process and a “short” control loop can
be achieved through the intensification of collaboration between design and the other
relevant departments.

Q7: Surveyed the participants on the question what data sources available to the cost
estimator enable him to proceed with the estimation process?

With approximately 40% of the votes, the statistics show that the most important
partner for the designer about proceed with cost estimation is the planning department.
Coming in a close second with 20%, the finance departments occupy a position of pre-
eminence for the designer involved in the cost estimation process. As a “connector”
between Design and Finance, the planner is dependent on each of the other two
departments for around 40% of his data.

That finance departments rely mostly on data from planning departments is evident
from the result of more than 50%. The above-mentioned conclusions show that every
single department is more-or-less dependent on information from other departments
involved in the development process. This validates the conclusion of section 2.4.3 that
the intensification of collaboration between Design, Planning and Finance is of critical
importance.

Q08: Which of the departments mentioned in Q7 provide data of critical importance for
your cost estimate?

The different design departments indicated the importance of data flows between their
own departments and the planning and finance departments in around 70% to 90% of
cases.

From the designer’s point of view, with around 20% weighting, the cost estimation is
accomplishable without intensive involvement from the manufacturing department. This
finding shows the opinion current within design departments that the planning
departments are more closely connected to the manufacturing departments than their
own departments. This becomes apparent from the appraisal of the information of the
participants from the planning departments. The importance of data flows between the
planning departments and the manufacturing departments was indicated in 50% to 70%

of the cases. Also, the collaboration between the planning departments, on one side, and
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design and finance departments, on the other, is revealed by the result of the analysis of
answers on the scale of 80% to 90%. This validated the above-mentioned statement that
the planning departments are “connectors” between the design, finance and
manufacturing departments. Also, the opinion of the finance department becomes clear
after the evaluation of their responses for Q8 that in 80% to 90% of cases the planning
departments are the most important data source for their cost estimation process. In 50%
to 80% of the cases, the design departments are behind the planning departments. The
manufacturing departments have, with 40% to 60%, not the highest importance for data
flow for the purpose of cost estimation, from the point of view of the finance
departments. The information acquired in Q8 may be taken as evidence supporting the
afore-mentioned hypothesis, that collaboration between the departments concerned is an
important condition of effective cost estimation of new BIW design concepts.

09: Could you indicate your confidence level in the information obtained, using the
scale below?

Further valuable information was discerned in answers to Q9, which on a scale of 50%
to 100% show the level of participant’s confidence in the information or data obtained.
The design department judges a level of 50% to 60% confidence in the information
obtained unsatisfactory. The planning departments expressed their dissatisfaction with a
confidence level of 60% to 70%. Analysis of the answers given by the finance
departments indicated that this amounts to a call for action to improve the level of
confidence in the data obtained.

Q10: How long does it take to obtain the information from the data source?

The majority of the respondent departments admitted that the normal process of data
acquisition takes more than 4 to 8 weeks. Whereas, the design departments’ answers
incline more to the statement that the data gathering process takes more than 8 weeks.
The resume of Q9 and Q10 amounts to a call for action to raise the level of confidence
in data obtained and to reduce the length of time required for obtaining information. The
contentment of the departments involved is low and the demand for improvement high.
This demand is further evidence that research must develop a methodology capable of
providing BIW engineers with a comparative estimate of manufacturing costs for

different design options.
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Ql1: Can you rank using a scale from zero to a hundred the importance of having a
new tool for a rough manufacturing cost estimate in the Early Phase of the development
process?

The design departments rank the importance of this subject with an approval rate of
90%. The planning departments follow with a rate of 80% to 90%. Only the finance
departments, with 60% to 80%, gave the impression that the need for a new
methodology within their department is not of critical importance. This statement can be
interpreted in light of the fact that the finance departments have cost calculation tools
for cost estimation.

These tools, as already is known from section 2.5.3, are based on the quantitative
methods for cost-effective designing that cannot be utilised in the preliminary work
phase.

Q12: Do you expect this new tool to have an impact on your decision making process?
The fact that the design department confirmed this statement with 90% in favour means
that the new methodology will have a greater impact on their decision making process.
With 80% to 90% in favour, the planning department gave their approval for Q12.

In keeping with their response to Q11, the finance department responded to Q12 in a
manner suggesting that they would not expect development of a new cost estimation
methodology to have an important impact on their decision making process. This result
is based on the fact pointed to in the discussion of QI11. In conclusion, Q11 and Q12
make it apparent that mostly the design and planning departments have a stake in

utilising a new cost estimation methodology.
4.3.3.3 Summary of the questionnaire findings

The findings of the questionnaire show how the design, planning and finance
departments perceive the prevailing cost estimating process of BIW design concepts.
Thereby the focal points were the starting point and duration of the estimation process,
and especially the importance of collaboration between the departments involved in the
Product Development Process.

The need for and the importance of a new cost estimation methodology were confirmed

by all three of the departments questioned. Aside from the findings presented in this
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section, the results yielded by analysis of responses to the questionnaire are presented in

charts and attached in appendix 2 of the thesis.

4.4 Interviews

In addition to the questionnaire, interviews were conducted with members of the design,
planning and finance departments. The interviews complemented the results from the
questionnaire survey. Face-to-face interviews were used as the main data collection
method, although a number of telephone interviews were also conducted. The number
of interviewees and the time of interview are difficult to specify because of the great
number of short ad-hoc interviews and the hierarchical distinctions of participants
within the company. The semi-structured or standardised approach was used for both
classes of interviews. Unlike the questionnaire survey, interviewing was conducted
mainly by way of open-ended questions, which make it possible to gather more
knowledge from experts. In all, around 80 interviews were conducted at BMW in two

years.
4.4.1 Aim of the Interviews

In addition to the objectives of section 4.2, the following objectives of the interviews

will provide a basis on which to

e validate the research hypothesis.

e obtain evidence for existing internal documents.

* investigate the interfaces for data exchanges.

e cvaluate the approach to cost estimation within departments.

e cvaluate the importance of a cost estimation methodology in the preliminary
work phase.

¢ identify the technical complexity in the BIW production process.

e analyse the alteration of material combinations in the BIW design process.

¢ identify and analyse the coherence between WC’s and JT’s.
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4.4.2 The Accomplishment of the Interview Survey Operation

The realisation of such a great number of interviews over a period of two years required
the partition of interviewees into several groups. The first group contains all participants
who are associated with the design departments. The second group comprised the
planning departments with their neighbouring departments, and the third and last group
represents the sector of the finance departments, see Figure 4.1.

In the process of conducting interviews, new contacts were made with experts involved
in the process of cost estimation. These experts supported the development of a new
BIW cost estimation methodology by making comments on the practical applicability of
the method. These experts were working in Design, Planning and Finance. Weekly
interviews in their departments resulted in illuminative information and results. This
information and data were classified at the start of the research into topics. The first
topic contained general information about the development process. The second topic
was concerned with technical information and data that are relevant in analysing and
converting the specification data of a new design concept into WC’s and, afterwards,
into JT’s. The third topic dealt with information pertaining to cost structures, cost

detection and cost calculation.

3 groups of interviewees

“General topics”

Topics for information and data collecting and analysing

Figure 4.1: Classification of interviews and topics.

An interview outline with questions taken from these three topics and relevant to the

later development of the cost estimating methodology assured the standardised
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interview process described in Chapter 3. This interview outline and its results are
attached to Appendix 3.
The main results of the interviews conducted during the long period in which the

research project was carried out are summarised in the following sections.
4.4.2.1 General Topics

la) Is there a need for a cost estimation method in the Early Phase of the PDP?

The majority agreed that there is a definite need in the company for a cost estimation
method in the preliminary work phase. The interviewees described the characteristics of
these methods in a way not essentially different from that of the descriptions obtained in
the questionnaire survey.

1b) Are Body-in-white designers unfamiliar with cost decision methodologies?

With respect to the design process, 100% of interviewees admitted that although the
BIW designer is expected to have the expertise required to apply JT’s to new design
concepts, the designer may not be familiar with cost decision models and corresponding
optimisation procedures. The director of the BIW design department indicated that
while the designer has the expert knowledge and appropriate software tools for
optimising his design concept in all technical respects, the designer cannot be helpful
with respect to cost estimation methods.

Ic) Can Working Contents be used as a "common denominator” between Design,
Planning and Finance?

When on the basis of the interviews the complexity of the BIW engineering process was
analysed, it became apparent that WC’s could be used as a “common denominator”
between Design, Planning and Finance. Around 90% of the respondents corroborated
this sub-hypothesis and took it as a fact that they can link their process parameters with
WC’s.

1d) Can Working Contents be transformed into Joining Techniques?

Nearly 90% of the interviewees agreed to this essential technical and economic
coherence. They approved the statement that it is possible to mathematise and
standardise Joining Technologies.

le) Can Joining Techniques establish a basis for the BIW cost estimation methodology?
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This statement was accepted by around 90% of the interviewees, irrespectively of the
department for which they were working. Over 95% of the manufacturing process
arising from a BIW design consists in joining processes that dominate the
manufacturing cost.

1f) Does the material of the joining process play an important role in the manufacturing
and cost estimating process?

The majority of the interview participants accepted this conclusion. The material used
determines which joining techniques are appropriate in terms of both technical and
economic aspects. Hence the choice of material has a significant impact on the
manufacturing cost estimating process. The problem of choosing the right Joining
Technique in terms of costs and technical aspects is complex and therewith exceedingly

difficult to deal with.
4.4.2.2 Technical Topics

2a) Do you agree with the research hypothesis: “It is possible to develop an estimating
method on the basis of information contained in the specification data of BIW design
concepts."?

The research hypothesis, elaborated from findings of the literature review, was
confirmed by the majority of the design and planning departments. Members of the
finance departments could not give information about this hypothesis because they are
not sufficiently involved with BIW specifications. Especially the designer strongly
supported this hypothesis because specifications stand in the centre of their daily work.
Also the planning department agreed without exception to this statement because they
have to develop the production line in accordance with the parameters of the
specification data.

2b) Can the data content of the specifications be converted into Working Contents?

The majority of the design as well as the planning departments support this conclusion.
They confirm the connection between BIW design drawings with their specification
data and the mathematical conversion into Working Contents that in the next step are to
be transformed into Joining Techniques. All interviewees agreed that this connection is
of paramount importance if a method enabling the BIW designer to compare different

new BIW design concepts with one other in the Early Phase of the PDP is to be
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generated. Most respondents gave important information and provided access to
existing data and documents.

2c) Does the Body-in-white designer have the technical expertise to apply Joining
Techniques to BIW design concepts?

The design department confirmed this statement univocally. In completing their design
concept they had to allocate suitable Joining Techniques to the Joining Sides in
accordance with the technical requirements. This task belongs to the responsibility of
the designer but is supported by the planning department with relevant information. The
planning department can accept a given design unhesitatingly because they were
involved in its development.

2d) Is the Body-in-white designer able to identify the optimal combination of

Joining Techniques of a design concept in terms of cost?

In the opinion of 95% of BIW designers, design procedure has always felt compelled to
hold itself aloof from consideration of cost. Upon completion of the BIW design
concept as a whole, the designer has to fragment the concept into individual sheet metal
components, which must then be joined. At this point the designer is too swamped with
decisions pertaining to the optimal combination of JT’s to pay serious attention to the
manufacturing cost thereby incurred. For this reason everyone agrees that the design
department has no expertise enabling them to determine the optimal combination of

Joining Techniques of a given design in terms of cost.
4.4.2.3 Cost Topics

3a) Can you estimate the manufacturing cost of new Body-in-white design concepts in
the Early Phase of the Product Development Process?

Over 80 % of interview participants answered this question in the negative. They argued
that in the preliminary phase of the BIW Product Development Process there is a lack of
data required for an early cost estimate. At present no cost estimating methodology is
available that can help the BIW designer in his decision making when he is selecting
from competitive BIW design concepts.

3b) Is the major portion of the manufacturing cost of a Body-in-white design concept

located in the Joining Technique process?
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Planning and Design felt strongly that the major portion of manufacturing cost is found
in the Joining Technique manufacturing process. They specified that 90% of the total
costs in the BIW production area are associated with Joining Techniques and the
pertinent equipment.

3c) Are relevant Joining Technique cost data available?

Analysis of the interviews and of pertinent documents led to the result that no detailed
and structured Joining Technique cost data that could be helpful for an early cost
estimate of BIW design concepts are available. Over 90% of Finance on one hand and
Planning on the other acknowledged the lack of completed and detailed Joining
Technique cost templates pertinent to the BIW manufacturing process.

3d) Are the available cost data reliable?

More than 50% of the interviewees from Finance and Planning admitted that the
sparsely available cost data pertaining to Joining Techniques are unreliable and not
updated. The rest of the interview participants spoke of long experience in their field of

work that enables them to appraise reliability of the present cost data.
4.4.3 Summary of the interview findings

The basic findings of the interviews largely confirmed the results of the questionnaire.
The outcomes of the interviews pertaining to general, technical and economic topics
corroborated the research hypothesis that it is possible to develop a cost estimating
method on the basis of information contained in the specification data of BIW design
concepts. The interviewees revealed the lack of a cost estimating method in the Early
Phase of the BIW Product Development Process. In addition it was pointed out that at
present it is impossible for the BIW designer to estimate the manufacturing cost of a
new design concept. It was generally agreed that Working Contents can be used as a
“common denominator” between Design, Planning and Finance, and be transformed
into Joining Techniques. These make up over 90% of the BIW manufacturing cost.
Joining Techniques in coherence with Working Contents are to establish the basis for
the BIW cost estimation methodology. Additionally the interviews revealed that there
are no proper and detailed Joining Technique cost data that can be used for the early

cost estimating process of BIW design concepts.
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4.5 Analysis of Internal Documents and Literature

Contemporaneously with the process of interviewing, the process of analysing internal
documents and literature was carried out by the researcher. Access to data banks and
actual project servers was obtained by Experts and project managers who were
contacted in face-to-face interviews and project-work. These data have to be scoured for
information, which can be used in the methodology of the research work. The difficulty
of data mining and of extracting proper data from the data banks and project servers was

solved by means of interviews with experts.
4.5.1 Aim of the Analysis of Internal Documents and Literature

The most important aim of the analysis of internal and external company documents
was the extraction of pertinent data. In addition to the industrial survey objectives listed
in section 4.2, the following objectives of the analysis of internal documents and

literature have been considered in order to

¢ analyse information about Working Contents.

¢ analyse the material demand for the BIW design process.

e analyse the Joining Technique process.

e analyse the connection between WC’s and JT’s in the BIW design process.

® investigate the quantity of sheet metal components required for the car body.

These objectives based on the outcomes of the concurrent interviews.
4.5.2 Analysis of internal documents and literature

In the course of the survey the researcher was given access to internal documents and
databases thanks to the mediation of experts and persons competent in Design, Finance
or Planning. The data were discussed and evaluated with these experts, and were then
cast in a form useful for the overall research aim, which is to develop a BIW cost
estimating methodology. In these wise tables, sheets and matrices of fundamental
importance to the methodology aimed at were developed; they are described in detail in
section 4.6. It was noted that the nature of this information places it well within the

sponsoring company’s guidelines on data publication.
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Analysis of these data gradually brought to light information pertinent to the general
understanding and use of Working Contents. On the basis of this information a
mathematical definition of a BIW Working Content was generated, see 4.6.1. This
definition, a key element in the development of the cost estimating methodology aimed at,
opens the possibility of comparing various design concepts in terms of the respective
numbers of Working Contents involved, hence in terms of cost. In addition it became
apparent that the development of a Standardised Working Content Coefficient, see 4.6.1.1,
is indispensable if various Joining Techniques are to be ranked qualitatively. On the basis of
this coefficient, comparison of BIW design concepts becomes possible in qualitative terms.
Similarly data pertaining to the technical relationships between joining materials and
Joining Techniques was analysed and arranged by the researcher in a matrix of
approved Joining Techniques and material combinations. This matrix, which represents
in concentrated form the present state of relevant knowledge, makes it possible for all
technically possible material combinations on the one hand and all approved Joining
Techniques on the other to be surveyed simultaneously, providing therefore an
indispensable asset to the user of the cost estimating methodology.

Examination of the joining process in the BIW production showed that for a realistic
BIW cost estimating process it is of critical importance to take account of the contour
and condition of the sheet metal surfaces to be joined. To deal with technical constraints
the researcher elaborated a Joining Side Coefficient based on the following five criteria.
1.) thickness of sheet metal, 2.) width of the joining cross section, 3.) appropriate
surface condition, 4.) accessibility of the joining zone, and 5.) contour of the joining
part. All of these criteria affect the cycle time of the technical joining process and
therewith the BIW manufacturing cost. On the basis of these criteria Complexity Sheets
were developed, itemising the technical difficulties that appear when two metal sheets
are to be joined together. The Complexity Sheets consider the variations of the cycle
time and compensates for them by the Joining Side Coefficient.

The last extensive step during the interviews and analysis of internal documents and
literature entered the area of Joining Technique cost data. Due to the fact that internal
documents, literature and results of intensive interviews did not provide sufficient cost
data relevant to the cost estimating methodology, the decision was made to develop cost

templates tailored to BIW cost estimating. A detailed analysis of cost data, centred
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especially on Joining Techniques, was conducted in this research project. This analysis,
supported by the finance and planning departments, revealed the main cost-driving
factors. Expanding the interviews into the manufacturing area made it possible to collect
reliable cost information, including cost data, which was then analysed. The data arrived
at by the cost analysis of Joining Techniques were verified with the help of the finance
and planning departments. Subsequently these data were structured into a specially
elaborated Joining Technique Cost Template, which can be found in Appendix 5. A
template was generated for every Joining Technique with its approved material
combinations. These templates indicate in detail the total investment and manufacturing
cost for each Joining Technique. Finally the total cost of a JT could be expressed

mathematically as a Working Content, which is the smallest unit of work.
4.5.3 Summary of the internal documents and literature findings

In the contemporary processes of analysing internal documents and literature on one
hand and conducting interviews on the other it became apparent that pertinent data and
information has to be filtered and concentrated into tailored tables, matrices and
templates. Hence the generating of a mathematical definition of a BIW Working
Content with its standardising process was carried out as an essential step in the
development of an overall BIW manufacturing cost estimating methodology.
Subsequently the technical interrelationships between joining materials and Joining
Techniques were analysed and expressed in a matrix. This matrix opens the possibility
of selecting the approved Joining Techniques with their material combinations on the
basis of technical criteria. Similarly the BIW manufacturing process was scrutinised and
the variation of the cycle time of the BIW joining process, caused by technical factors,
was revealed. Thereupon Complexity Sheets were elaborated to indicate the various
BIW part contours that influence the cycle time. To compensate for the resultant cycle
time variations, a Joining Side Coefficient was introduced.

The concluding analysis led into the area of cost data. Due to the fact that sufficient and
significant Joining Technique cost data were not available, Joining Cost Templates were
elaborated on the basis of Joining Technique investment and manufacturing cost.

Finally the total cost of the JT was expressed mathematically as a Working Content

which is the smallest unit of work.
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The following section 4.6 elaborates at full length the previously described tables,
matrices and templates that were of prime importance for the subsequent development

of the BIW manufacturing cost estimating methodology in Chapter 5.

4.6 Elaboration of Data and Definitions relevant to the Development

of the Body-in-white Cost Estimating Methodology

4.6.1 The Definition of Working Contents in the BIW design process

Practical examples and various interviews confirm the hypothesis that BIW component
drawings can be associated with a definite number of WC’s. Such a reduction is useful
because the number of WC’s actually carried out is what determines the added value of
a product.

It became apparent that neither in the literature nor in the documents internal to the
various companies was a definition of a Working Content suited to BIW cost estimation
available.

The interviews showed that every Joining Technique can be expressed as an integral
number of Working Contents. A Working Content is therefore the smallest or the
elementary unit of work in BIW production, which is interdependent to the cycle time.
In addition interviews showed that a mathematical definition of a Working Content is
indispensable for a new BIW cost estimating methodology. The interviews also made
clear that the main part of the total BIW manufacturing cost is traceable to the technical
joining process, within which the JT’s are by far the most important factor driving up
production costs. For this reason the mathematical definition of a Working Content is
the basis of the BIW manufacturing cost estimating methodology.

Mathematical Definition of a Working Content

As already mentioned every WC of a given JT corresponds to a definite cycle time. A
WC can equally well be given a technical definition in terms of joining length. Every
design concept can be broken down into individual components that must be joined
together, a fragmentation that can be carried out with the help of CAD programs.
Subsequently the individual JS lengths are assessed. Henceforth the number of WC’s
can be calculated on the basis of the individual JS lengths. Enquiries, data acquisitions

and calculations within the BIW joining process of the automotive industry indicate that

100



Cranfield University
Chapter 4 : Industrial Survey

a JS length is conveniently partitioned into S0mm sections. This gives rise to the

following definition.

Number of WC's of examined JS:= total length of J§ examined

4.1
50mm @D

Solutions with non-integral values must be rounded off because only whole WC’s can
be carried out; welding spots or punch rivets are examples. Based on this rounding-off
rule the cost estimation will be on the safe side because in the worst case the total
theoretical number of WC’s of a BIW design concept is higher than the real number of
WC’s. In consequence of this the result of the subsequent cost estimation, which is a
function of WC’s, will also be higher, so the Designer will not underestimate the cost
for his BIW design concept. With the help of this definition, which is valid for every
BIW design concept, the amount of time and material required for 50mm joining can be
allocated to every JS, provided the particular combination of joining materials be taken
into consideration. This new mathematical definition of a WC is fundamental for the
development of the BIW cost estimating methodology presented in Chapter 5.

The introduction of WC’s into the BIW Product Development process is that of a
technical and economic constant from which every department involved can benefit.

A) The designer knows that the individual parts of his BIW design concept have to be
joined by means of JT’s that can be expressed as a definite number of WC’s. Hence the
designer can calculate the total number of WC’s both during and after the design
process for every BIW concept, and by comparing the different concepts he can decide
which is best in terms of cost.

B) The planner knows that a concept for a BIW production line has to be elaborated
with the aim of getting optimal cycle time. Because of the mathematical relation
between the WC’s of the Joining Techniques and the cycle times the planner can readily
calculate the cycle time of every BIW design concept and can use it to work out the
cycle time diagram.

C) The finance department knows that a certain number of cycle times are needed to

manufacture the scrutinised BIW design concept. As the number of WC’s can be
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ascertained, the designer can now calculate in advance the manufacturing cost on the
basis of the JT Cost Templates of the design under consideration. These templates are
introduced in section 4.6.4.

As the interviews revealed, WC’s act as a “link” between the design and production
process. It was pointed out in section 2.4.3 that they serve as a “common denominator”
between the design, planning and finance departments, thus enhancing significantly
interaction between them. Hence a WC is a technical and economical standard of

measure, a constant value that can be used by the above-mentioned departments.
4.6.1.1 Elaboration of the Standardised WC Coefficients Table

Once a WC has been given a general definition suited to meet the functional
requirements of Design, Planning and Finance it becomes possible to work out the
additional details. The fact that in terms of time and material expended one WC of spot
welding is not equal to one WC of laser welding means that a standard WC must be
found. For this purpose one fundamental JT must be fixed upon as a basic unit with
reference to which all others can be measured. An analysis of interviews and internal
documents suggests clearly that spot welding of steel to steel is best suited as a unit of
reference. As spot welding is currently the most frequent JT and steel with steel the
most frequent combination of materials joined in automotive BIW production, the data
involved have been most thoroughly evaluated and are hence most reliable for research
purposes.

This unit of reference coupled with the data of the JT cost templates, elaborated in
section 4.6.4 and attached in appendix 7, makes it possible to generate a standardised
WC coefficient (SWCC). This coefficient is calculated from (1) the absolute value of
investment and (2) the manufacturing cost of each JT for one WC of any material
combination divided by the absolute value of investment and manufacturing cost of one
WC of the reference basis, in our case spot welding of a steel — steel compound. A
calculation example for the SWCC of MIG welding paired with the material
combination aluminium - aluminium yields the following result as indicated in equation

(4.2).
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CMIG welding oy T M MIG welding
SWCC MG welding L= e e

alu-alu

CSpot welding yuey et T M Spot weldi ng g eq geqt

(4.2)

_0,00685 EUR +0,01856 EUR _ 0,02541
~ 0,00531 EUR +0,01137 EUR  0,01668

=1,52338

¢ :=investment cost of Joining Technique, see respective cost template.

M := manufacturing cost of Joining Technique, see respective cost template.

This calculation shows that the SWCC is the ratio of cost for one WC of MIG welding
expressed as a function of one WC of spot welding. By means of this standardisation to
remaining JT’s a table of SWCC is provided as shown in Table 4.1. The appending
calculation of SWCC is attached in the Appendix 4.

Joining side Material: Steel - Steel tset::ille- :tig:I Alf::i:lil;m A:::;T:LT:"_ alllg"r?ltrz:gle
steel

No. | Joining Tedh——2"VCC | SWCCsest | SWCCsthst | SWCCstals | SWCCaluw-alu | SWCCalu-hist
1. |Spot welding 1,00000 1,38525 - 1,33429 -

23 Spot weld-gluing 8,60971 10,94125 - - -

3. |MIG welding 1,36391 1,58100 o 1,52338 =

4. Tandem MIG welding 1,20516 1,45174 - 1,30438 -

5 |MAG welding 1,61613 1,72492 = 1,44856 ==

. WG welding 2,79724 - - 2,93645 -

7. |Laser-welding (COz) 226319 2,42446 — 2,37890 -

8. |Laser-welding (Diodes) 2,80396 297776 — 3,38261 -

9. |Laser-welding (vAG) 1,49053 2,44005 - 1,84874 -

10. Projection welding 1,11241 1,21475 - - -

11, |Laser brazing 2,92506 w 2,98261 - 3,07674
12 MAG brazing 1,77698 - - - -

13 |Punch riveting 2,33729 = 2,52002 2,47206 2,86427
14, |Blind riveting 2,55168 2,96085 2,82740 2,57218 2,79910
15 |Clinching 1,47314 - 1,72896 1,38327 197734
16.  |Flanging 284329 3,31055 2,99976 2,90180 3,28333
17 Cohesiveness gluing 2,08273 2,34970 2,49947 2,61679 2,45857

Table 4.1: Standardised Working Content Coefficients table.

With the help of this SWCC table, the designer can obtain the total sum of standardised
WC’s (SWC’s) for his new BIW design concept. This sum of SWC’s specific to a
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single BIW design concept gives illuminating information about the technical and
economical rating of a new design concept. Likewise the cost calculation of an already
known combination of JT’s required by a BIW design concept is made possible by the
SWC’s, which will be treated in Chapter 6.

With the formulation and implementation of WC’s a number of research objectives of
section 1.3.3 have been reached, though perhaps only tentatively. Hence it is possible to
make an accurate cost calculation of an actual design concept by the means of WC’s. To
achieve the research aim of providing the BIW design department with a methodology
capable of effecting cost comparison of different future design concepts in the Early
Phase of the PDP, it will be helpful to find the optimal cost of the design concepts under
scrutiny. Therefore an important further step in research will be to provide a method for
including accurate cost estimates in finding the optimal JT combinations in terms of
manufacturing cost. The methodologies and considerations necessary for this are

discussed in chapter 5.

4.6.2 Elaboration of a Matrix of approved Joining Techniques and Material

Combinations

The interviews and the internal documents made it apparent that the choice of an
approved JT for a given material combination is an important pre-step in the BIW
manufacturing cost estimating process. This means that when a given combination of
materials has been determined, the BIW designer must select the technically appropriate
joining technique. This process of choosing the right Joining Technique in terms of
technical aspects is complex and therewith exceedingly difficult for the designer.

For this reason a matrix of approved JT’s and material combinations was elaborated, the
purpose of which is to facilitate the designer’s choice.

It was pointed out in section 2.3.2 that an important goal of automotive BIW design is
the reduction of car body weight and, consequently, of fuel consumption. One of the
most important ways of reaching this end is the use of lightweight materials.
Consequently, the use of composite design plays an important role in the weight
reduction of the vehicle body. The demand placed on the design and planning
departments by this perception is to find new and lighter materials that meet the

technical requirements of mechanical strength, stiffness, corrosion resistance, durability
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etc. These new materials require in turn new JT’s with a high degree of process

stability.

1998
Serial production

2003
In addition to Serial production

For the future
In addition to the serial
production

High number of
units

- Steel inintegral maonocogue constructions

- Steel hydraforming
- Hightensile steel

Medium number
of units

- Aluminium-steel composite technology

- Steel hydroforming
- High-tensile steel

- Aluminium-car bochy shell

Low number of
units

- Aluminium-car body shell

- Aluminium-structure in frame

mode of construction

- Carbon fiber reinforced plastic

- DC-metal-grade ZE ordinary steel - 5000 steel, 6000 steel - DP-steel
Alternative Steel- | EBH-metal-grade ZE micro alloyed steel - THS 1300 - TRIP-steel
grade - CP 800
- DC-metal-grade Z100 ardinary steel
- BH-metal-grade Z100 micro alloyed steel
- Resistance-spot welding - Resistance-spot weld-gluing - Plasma-welding
- WAG-welding - Frictian welding - 2C-gluing
- Studs-welding - Hemming adhesive - Stamping rivet-giuing
Alternative - Laserwelding - Aluminium WG welding - Laser brazing
Joining- - Gluing - Aluminium stamping nveting
techniques - Crimping - MIG brazing
- Stamping riveting
- Clinching
- Hemming

Table 4.2: Alteration of Joining Techniques and material combinations.

Table 4.2 gives a general overview of the alteration of the material on the one hand and
the JT’s on the other.

It is apparent that in future BIW production the composite of steel and aluminium will
have the upper hand because of comparatively light weight design. Additionally high-
tensile steels are coming up today in BIW design. These new material composites

increase the number of material combinations and of the attendant Joining Techniques.

For the compilation of the required data, essential for the BIW cost estimating
methodology, a new matrix of approved Joining Techniques and material combinations
was elaborated by the researcher. For that purpose data from: a) data bases, b) internal
documents, and c) literature were analysed and filtered. In close collaboration with
experts from the planning and manufacturing departments the consistency of these data
was verified.

This matrix, see Table 4.3, give in concentrated form the present information on
material combinations and the approved joining techniques used in BIW manufacturing.

The Joining Techniques are arranged in rows and classified in three groups: a) warm
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JT’s, b) cold JT’s and, c) gluing. The material combinations are arranged in columns
that indicate whether a given JT is approved or not. During the design process, the
designer can decide whether his choice of JT will lead to technical problems in the
future or not. Therewith the designer can ascertain which Joining Technique is approved
for the serial production of his selected material combination. This matrix is to be

updated at regular intervals by the planning department.

Matrix of approved Joining Techniques and material combinations

Material sisell Steel/ Aluminium/ | High tensile steelf [High tensile Steel|  Aluminium/ Steell | Alumniniumy/

Steel/Steel | High tensile High tensile stes! |Steak-Sanduich | Compasites | Composites Steel/CFK | CFK/CFK

Joining Techn. steel

Spot welding

. |Spot weld-gluing
MIG welding
Tandem MIG welding
. |MAG welding

WIG welding

Laser welding (COz)
. |Laser welding iDiodes)
9. |Laser welding (YAG)
10. [Projection welding
11. |Laser brazing

12. [MAG brazing

13 |Punch-riveting

14. |Blind-riveting

15 |Clinching

16 |Flanging

|

[ B R FE S Y P

Warm Joining Techniques

G

Cold Joining
Technigues

17. |Cohesiveness-gluing

Gluing

Legend: l:l P 4 l:l

in gerial production technical bases are developed in development not passible

m
§
_

Table 4.3: Matrix of approved Joining Techniques and material combinations.

The development of this matrix is another step towards the development of a cost
estimation methodology. It forms a basis of technical constraints for the joining

selection process in the preliminary work phase of the automotive PDP.
4.6.3 Elaboration of Complexity Sheets with appendant Joining Side Coefficient

Diverse interviews with experts from BIW manufacturing made it clear that the
technical complexity of new concepts plays an important rule in the BIW manufacturing
process. During the interviews, the respondents gave detailed representations and
documents concerning the various types of possible JT’s together with their strengths
and weaknesses. In point of fact, the relationship between JT s and suitable materials of
the JS’s was the subject of most of the interviews.

In the course of the research detailed analyses in the planning and manufacturing area of

this important subject led to the development of complexity sheets by the researcher
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itemising the technical difficulties that appear when two metal sheets are to be joined
together. These technical characteristics are associated with the shape and surface of the
BIW sheets that are to be joined. A change in these characteristics has a significant
impact on the cycle time of the BIW joining process. Furthermore an increase of cycle
time will lead to an increase in manufacturing cost. To compensate for this cycle time
variation a Joining Side Coefficient (JSC) had been established. This Joining Side
Coefficient is derived from the complexity level of a Joining Side that is deduced from
the complexity sheet. This sheet was elaborated by the researcher for every single

Joining Technique in close collaboration with Planning and Manufacturing. Thereby

reference was made to data and documents internal to the sponsoring company.

Comp lexity level 1
J5 Coefficient= 1,00
100%: cycle time

1. Blank sheet thickness:

2. Effective width:

3. Surface condition:

4. Accessibility:

Two-blank sheet-welding of equal blank sheet thickness
0.7 mm < hlank sheet thickness = 1,5 mm, variation of
blank sheet thickness 0%.

Effective joinin g width after reference (BIMW standard),
20 mm < effective width of the joining blank sheet.

Blank sheet surface without discolomtion, fres of oil, free of grease,
without coating, not galvanised

Great degree of freedom for the welding gun, litile steel in “secondary
welding gun window” | easily positioning of the welding gun because of
anappropriate blank sheet contour = plane part contour.

Plane part contour

S S 2

10084 cycle time

Comp lexity level 2
I Coefficient= 1,25
125% cycle time

1. Blank sheet thickness:

2. Effective width:

Two-blank sheet-welding of different blanlk sheet thickness
0,7 tom < blank sheet thickmess » 1,5 mm, variation of
tlank sheet thickness mastdroam 20%.

Effective joinin g width outside of reference (B IW standard), effective
joining width narrow, 20 min » effective width of the j dining blank sheet,

Curved part contour

¥

J5 Coefficient= 1,50
150% cycle time

2. Effective width:

3. Surface condition:

4. Accessihility:

125% cycle time
3. Surface condition: Blank sheet surface without discolormtion, without coating,
4. Accessihility: Avwerage volume of steel in the “secondary welding gun window”, normel size
of the welding gun (length of piole X < 800, normal positioning of welding
gt hecause of an appropriate blank sheet contowr = curved part contour.
Comp lexity level 3 1. Blank sheet thickness: Two or three-hlank sheet-welding of equal blank sheet thickness Stepped part contou

0,7 mm < blank sheet thickness > 1,5 mm, variation of blank sheet
thickness » 20%.

Joining width under limit, 15mm < effective width of thej cining blank sheet

Blank sheet surface with discolomation, heawly oiled, greased, galvamsed.
Shortage of space , greatamount of steel in the “secondary welding gun
window”, big welding gun (length of piole 2 > 500m), difficult positioning of
welding gun because of a complicate blank sheet contowr =stepped part contour.

150% cycle time

Table 4.4: Complexity level with JS Coefficient for the spot welding technology.

In this sheet features of material properties are described and subdivided in four
sections. The overall contents of the four sections were the complexities of the blank

sheet contour with its material thickness, effective width of the joining cross section, the
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surface condition and the accessibility of the joining zone. The criteria listed extend the
joining process, consequently the cycle time, and therewith the cost of manufacturing.
To make this extension palpable a norm was introduced on the basis of the 100%
standard cycle time. To compensate for deviations from this norm, a joining side
coefficient (JSC) has been established. For every combination of JS’s a JSC will be
assigned depending on the complexity level of pertinent criteria, which may involve a)
contour of the part, b) material thickness, c) effective width of the joining cross section,
d) appropriate surface condition, and e) accessibility of the joining zone. A JS
combination that satisfies the basic criteria of complexity level 1 is a standard joining
process without variation and is given a standard cycle time setting the 100% basis. This
complexity level is taken as the unit JSC=1,00. Table 4.4 shows that an increase in the
difficulties listed, i.e., of the complexity level, can result in a JSC with a cycle time of
up to 150% of the unit value.

The JSC is another important evaluation parameter within the development of a new
BIW cost estimating methodology. For every single Joining Technique a particular

Complexity Sheet with its derived JSC can be found in Appendix 6.
4.6.4 Elaboration of Joining Technique Cost Templates

The survey and classification of all BIW Joining Techniques with their attendant costs
belong to the core of the BIW cost estimating methodology. It became apparent that a
detailed and verified cost analysis for every JT can be realised only in close and
extensive collaboration with experts from Planning, Finance and Manufacturing. On the
basis of numerous profitable discussions with such experts the researcher developed a
Joining Technique cost template for every approved BIW Joining Technique. This
template contains data pertaining on the one hand to investment cost and on the other to
manufacturing cost.

On the basis of an analysis of the standard BIW manufacturing process in the
sponsoring company the standard parameters of a general automotive production cycle
were ascertained. This analysis led to the result that a general vehicle model is produced
for a period of 7 years, with 244 man days per year, 2 shifts per day and 465 minutes
per shift. These boundary conditions served as a basis for a calculation of the

investment cost per JT Working Content, which is the smallest unit of work. On the
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basis of these investment cost data and the technical data contained on the data sheet of
every Joining Technique, e.g. spot welding, riveting, etc., it was possible to calculate
the total number of Working Contents yielded in the life cycle of the joining equipment.
For this purpose a standard example was taken. The case of two metal sheets with a
Joining Side length of 1000mm was taken as a standard BIW joining object. With
Computer animations the exact joining, robot and turntable times for the respective
Joining Technique were simulated and collected. From this data collection the cycle
time of a joining machine and therewith the total number of Working Contents yielded
were calculated. Subsequently the total investment cost was divided by this total
number of Working Contents. The result was the investment cost of one Working
Content of the joining equipment under consideration.

Ascertaining the manufacturing cost of every single Joining Technique proved to be
more complex and time consuming. These costs were subdivided into a) cost for
manufacturing resources, b) cost for electricity, water, air and gas, and c) cost for
maintenance. They were collected by evaluation and analysis of the data recorded in the
BIW manufacturing plant for every joining machine. In addition the technical data
sheets of the joining machines were evaluated and analysed. The cost data thus obtained
were confirmed by experts from Planning, Finance and Manufacturing during the
overall process of data collection. Finally the manufacturing cost for one Working
Content of every Joining Technique and material combination was calculated. These
costs were summarised in Joining Technique cost templates in compliance with the
sponsoring company’s regulations for publication, as shown in Table 4.5.

These new developed templates enable members of the design, planning and finance
departments to estimate the total investment and manufacturing cost per operational unit
for each separate JT. This means, for example, the cost for one spot-welding point.

The development of these templates, which can be found in appendix 7, is another
important step towards the cost estimation of a BIW design concept. By means of
former BIW design concepts, whose cost had already been calculated by Finance, first
cost estimates were done by hand by utilisation of cost templates. These first cost
estimations were successful and prove that the cost data identified in the Joining

Technique cost templates are complete and accurate. To verify the results of the first
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cost estimates, interviews with experts from the finance and planning departments and
additionally from the manufacturing area were conducted. The outcomes of these Expert

interviews were very satisfactory.

Joining Technique: Resistance spot welding Steel - Steel
Installation: Flexible manufacturing cell for the joining process of two 1000 mm
steel sheet components by utilisation of spot welding.
Investment cost: 198.744 EURO per spot: 0,00531 €/spot
Basis: 465 minfshift, 2 shits/day, 244 daysfyear, for 7 years, 1412 spots/hour.
Manufacturing costs:
Tyne/Unit Consumption Costs Costs
ype/Ent {unitshour) (EURO?unit) (EURO/hour)
Manufacturing resources:
- Extra wire
- Bolts
- Rivets
- Screws
- Rivet-bolts
- Punch-rivet
- Electrodes 1 pair per 4000 spots 0,1804 051 € o9 €
Electricityfwater/fairfgas:
- Electricity for robot BB RMNA ] 0047 € 028 €
- Elect. welding transformer 0,018 kwhispot 25 o004y € 120€
- Electricity for turntable 4 KWW % 28 0047 € 013 €
- Cooling water 2 bar/ 4ltr. per min. 240 000005 € o001 €
- Inert gas
- Compressed air 12 bar/ 2ltr. Per spot 2824 000005 € 0,14 €
Maintenance:
a) Material
- Cap-cutter 1 piece per cycle 00016 2.556 46 € 409 €
- Cutter 2 pieces per cycle 00289 2045 € 059 €
b} Labour Minutes 2 102 € 204 €
Surm manufacturing cost per hour without depreciation: 8,58 €
Depreciation from the total investment of: 4E5 mintshift; 2 shifts!day; T years 198.744 € TR £
Sum manufacturing cost per hour with depreciation: 16,06 €
Example: 1000mm joining length (20 welding spots/ Spot distance 50mm)
- Joining time: A4 zec
- Robot time: 2 sec
- Tumntable tirme: 5 sec per Working Content:
- Total cycle time: 51 sec {1412 spotsthour) |per spot: 0,01137 €fspot

Table 4.5: Joining Technique cost template for resistance spot welding.

4.6.5 Definition of the Interrelationship between Joining Parts and Joining Sides

A last but not least examination for the development of the BIW cost estimating
methodology was the analysis of the interrelationship between joining parts and Joining

Sides. The question how the number of parts to be joined influences the average car
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body was studied in an analysis of internal company documents conducted with the
support of the design department. A survey of the automotive BIW design concepts of
the past ten years showed clearly that the number of such parts constantly increases. By
analysing three different integral bodies of four automotive manufacturers in terms of

the number of joining parts it became apparent that the range extends between 200 to

400 parts, depending on the vehicle class, as shown in Figure 4.2.

A comparison of the number of joining parts with that of WC’s in Figure 4.2 shows that
the two are unrelated. As illustrated in the diagram, the number of WC’s ranges between
4500 and 9500. Around 90 % of these WC’s, which are necessary to manufacture the
car body, are based on JT. The remaining 10% of the WC’s are due to handling and

reworking procedures.
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Number of parts

Relation between number of parts and number of Working Contents
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To give an impression of the sizable number of blank sheets used in the assembly of a

car body, Figure 4.3 shows a typical car body front-end manufactured from the new

Figure 4.2: Relation between number of joining parts and Working Contents.
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composite aluminium-steel technology. This aluminium-steel composite front-end of a
medium class vehicle shown in the below drawing is assembled from approximately

100 blank sheets.

Typical car body front-end

Lia

Blue = Aluminium
Green = Steel

Figure 4.3: Aluminium-steel composite car body front-end.

On this basis, the conversion diagram of Figure 4.3 shows that over 2200 WC’s are
required for the joining operation of the car body front-end. According to this example,
around 2000 single JT WC’s must be used in the manufacturing process of the
aluminium-steel composite front-end. These enormous numbers of JT WC’s have been

assigned by the designer.

= Steel Joining Part

= Aluminium Joining Part

- = High tensile Steel Joining Part

=Joining side between two Parts

Figure 4.4: Interrelationship between Joining Parts and Joining Sides in a simplified model.
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In Figure 4.4, a simplified model illustrates the connection between joining parts with
their diversity of material and their appending Joining Sides (JS’s). This example
illustrates the complexity of the decision making process behind the allocation of
material and JT. For every JS between two joining parts, at least one applicable JT must
be selected on the basis of both technical and economic criteria. In consideration of the
technical constraints of Table 4.3, a certain number of JT’s are allocated for each JS.
Considering the oversimplified example shown in Figure 4.4 representing a spring
carrier with 5 JS’s and its material diversity, the possible number of JT combinations
can be calculated.

5
NJTC = [ NJT,

n=1
= NJT )5 % NJT 5, % NJT )53 % NJT 5, % NJT 55
=60%12%6%6%12
=31104
NJTC : Number of Joining technique combinations
NJT

n

: Number of allocated Joining techniques at Joining side n

In view of the number of authorised JT’s for every JS, the possible number of JT
combinations has been calculated as 31,104.

Even from this example, it is evident that in the worse case a designer has to verify
31,104 possible JT combinations. Under these circumstances it will be difficult to
achieve the technical and economical optimum identified by exhaustive enumeration.
To emphasise this conclusion further, it may be mentioned that in fact, in an automotive
BIW front-end design, see Figure 4.3, the expectation is that there will be
approximately 200 JS’s, each with an average of six appropriate JT’s. In this case the
number of possible combinations is 6°°°. This number of possible combination will
increase if the entire body frame is considered.

To make this problem more evident the following diagram shows the connection
between the number of JS’s and the resulting number of possible JT combinations.
Figure 4.5 shows the exponential increase in the number of possible JT combinations
determined by the possible number of authorised JT’s per JS. Every curve of the
diagram represents a certain number of authorised JT’s. It shows what will happen if the

number of JS’s of a BIW increases. For example the left-most curve, marked with egg-
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shaped dots, represents the case in which 6 JT’s per JS are authorised. It shows the

possible number of JT combinations if 1, 2, 3, ... 10 JS’s of a BIW are to be joined

together.

— 60,466,176

- T

9,765,625 ‘ 1,048,576 ‘ 50,049 | .
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Joining-technicques
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Number of Joining sides
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Joining-techniques

Number of possible Joining-technique combination

6 authorized
Joining-techniques

Figure 4.5: Dependency between number of possible Joining Technique combinations and the number of

authorised Joining Techniques per Joining Side.

In the case of a car body component having 10 sides to be joined, each with 6
authorised JT’s, the total number of possible JT combinations would be 6" =
60,466,176, as shown in Figure 4.5. Finding a global optimum among such a great
number of possible JT combinations requires an optimisation technique if the

enumeration problem is to be avoided.

4.7 Summary

The Industrial Survey Chapter deals with data collection, findings and their elaboration
into tables, matrices and sheets. For this purpose a questionnaire and interviews are
utilised; in addition documents and literature internal to the sponsoring company were
analysed.

The questionnaire revealed the lack and the need of a proper Body-in-white cost

estimation method within the Preliminary Work Phase of the automotive Product
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Development Process. The interviews emphasised these findings and confirmed the
research hypothesis that it is possible to develop a cost estimating method on the basis
of information contained in the specification data of BIW design concepts. It became
apparent that Joining Techniques, which account for the major portion of BIW
manufacturing costs, can be expressed as integral numbers of Working Contents. This
opens the possibility of using Working Contents as a point of reference common to
Design, Planning and Finance. In this wise, Working Contents become the basis for a
BIW cost estimation methodology in connection with Joining Techniques.

In addition the interviews showed that no reliable information pertaining to the cost of
Joining Techniques was available to make an early cost estimate of BIW design
concepts feasible.

In the parallel process of analysing internal documents and literature, pertinent data and
information was analysed and filtered. In the subsequent elaboration, data relevant to
the development of the overall BIW manufacturing cost estimating methodology were
concentrated into tailored tables, a matrix and templates. First a mathematical definition
of BIW Working Contents was generated. Subsequently the technical interrelationship
between joining materials and Joining Techniques was analysed and resumed in a
matrix. This matrix provides the option of selecting the approved Joining Technique
with its material combinations on the basis of technical considerations.

In like wise a scrutiny of BIW manufacturing process revealed a technically determined
variation of the cycle time of the BIW joining process. Hence Complexity Sheets were
elaborated that make these variations visible. To compensate for the variations a Joining
Side Coefficient was developed.

The concluding analysis of BIW manufacturing cost led to the elaboration of Joining
Cost Templates on the basis of Joining Technique investment and manufacturing cost.
These templates constitute a core part of the cost estimating methodology aimed at.
Finally the interrelationship between joining parts and Joining Sides was illustrated by a
simplified model, which was used to show the problem of Joining Technique selection.
In this connection it was noted that the astonishing number of possible JT combinations
for each JS in the Body-in-White design process requires application of an optimisation

technique if the enumeration problem is to be avoided.

115



Cranfield University
Chapter 5 : Development of a Cost Estimating Methodology

5 Development of a Cost Estimating Methodology

5.1 Introduction

Once the Industrial Survey has been applied and fundamental sheets, templates, matrices
and tables have been elaborated, it is possible to start with the development of the cost
estimation model. This model is aimed at providing Design with the option of selecting
the most cost efficient Joining Technique combination and thereby analysing the relative
manufacturing cost of new design concepts and at assisting with cost reduction in the
Preliminary Work Phase of the Product Development Process. In the beginning of the
cost model development process, a basic modelling process is being presented.
Subsequently the Joining Technique Selection Problem is formulated as a model and a
corresponding algorithm is developed. This algorithm serves as a foundation upon which
to select an appropriate optimisation procedure for optimal Joining Technology selection
in terms of manufacturing cost. An investigation of current assignment optimisation
methods be associated with the Joining Technique selection process is carried out to find
appropriate optimisation problems which can solve the Joining Technique Selection
Problem. The analysis and applications of optimisation methods from the area of
Operations Research provides first appropriate results. Finally the overall cost estimating

model is elaborated by integrating the optimisation method with all pertinent data.

5.2 Methodology Developing Process

5.2.1 Cost Modelling Process

Cost Modelling involves the construction of mathematical models, also known as CER’s
(Cost Estimating Relationships) and TER’s (Time Estimating Relationships) to describe
project, process or product costs [Ogunlana, 1989]. According to Osterwald [1992], the
objective of the Cost Modelling Process is the identification and collection of product,
process and cost information which are analysed in order to estimate cost or time on the
basis of technical parameters that work as cost drivers.

Wang [2000] state that companies which have to resist against competition on today’s
market have to improve their business operations and identify their core competencies

by addressing the following emerging market requirements:
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¢ Increasing emphasis on minimising overall product cost.

e (QGreater choice of available manufacturing processes and materials.

¢ Increasing demand for breakthrough technologies.

¢ Shorter product development cycle times.
These requirements are requested in the present research project. Wang and Stockton
[2000] state that they are affecting the market environment and have significant effects
on the cost estimating process and similar consequences on the cost model development
process. Rush and Roy [2001] add that as a result of this, an increasing number of cost
models will be required to effectively deal with a greater level of product and process
complexity, and to respond to a greater choice of process and materials available.
Likewise the increasing emphasis on minimising the overall product life cycle costs and
production cycle times plays an increasing role [Stockton et al., 2000]. This will result in
a greater need for more efficient and formalised data identification and collection.
Stockton et al. [2001] confirm that this will be especially critical for cost models
developed at the early stages of the product development process, when the availability
of historical data is limited. Wang [2000] add that the lack of costing data and the
limited availability of process and product expertise at the concept stage of a new
product, will significantly affect the tasks of data collection and data identification;
hence the time, cost and accuracy of cost modelling process, and the cost model itself
will also be affected.
Pursuant to Stockton ef al. [1998], a traditional Cost Modelling Process approach, which
is still in use today, is basically based on the sequence of data collection, data
identification, data analysis and decision making tasks as illustrated in Figure 5.1.
According to Arvelo and Stockton [2007], the Cost Modelling process essentially
consists of a series of stages or data identification tasks whose main function is to
identify the potential cost drivers or predictor variables for the generation of CER’s. The
data identification tasks are then followed by the collection of relevant data for these
cost drivers, i.e data collection tasks. The final stage of the process, the data analysis
task, involves the selection of the most appropriate data analysis method and the analysis

of the collected data to identify the relationships between the resources which the
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models is required for material, labour, process time, tooling, manning levels and its cost

drivers.
1. Identify & 2. Review 3. Identify 4. Identify
collect manufacturing activity data process
manufacturing =Jp | process & define | Jjp to be collected - activities and
process cost model and collect associated cost
data characteristics data drivers
|— Improve Accuracy J l
8. Apply 7. Test 6. Structure, 5. Identify data
models within validity & store and needed to
the business l estimating I analyse data I establish CER‘s
and audit accuracy of & identify the and collect this
validity CER‘s CER‘s data

Figure 5.1: The Cost Modelling Process [Bush, 1994].

The previous statements show the close connection between today’s cost estimating and
cost modelling. Likewise it becomes apparent that the need of historical data is a
prevailing problem for cost modelling. This primary and time consuming task of
collecting and evaluating cost and technical data was accomplished in the previous
Chapter 4, explicitly in section 4.6.2 to section 4.6.4. Steps of the cost modelling
process of Bush [1994] in Figure 5.1 are then carried out in part. Likewise the
interrelationship between joining parts and Joining Sides is discussed in section 4.6.5.
This relationship is fundamental for the ensuing development of the algorithm for a
Joining Technique Selection based on manufacturing cost. The elaboration of this
algorithm is a preliminary step for the subsequent process of seeking and finding an
optimisation method (optimisation problem) appropriate for finding the most cost
efficient Joining Technique combination in terms of manufacturing costs, see sections
5.4. to section 5.6. Finally the overall cost estimation model is elaborated by integrating

the optimisation method with all pertinent data as presented in section 5.8.
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5.2.2 The aim of the cost estimating model

The aim of the research project is to find a model that allows the ranking of competing
BIW design concepts in terms of manufacturing cost. In this regard the selection of cost
effective Joining Techniques (joining processes) is central. What is sought is a relative
cost, not an absolute one. But the model must also meet certain over-riding constraints,

of which the principal ones are these:

- that it admit of application to BIW design concepts with different
materials, allowing comparison between competing designs.

- that it admit of early use in the BIW Product development process (since
its purpose is to guide design decisions)

- that it admit of application by BIW engineers

The result of the cost estimating methodology must be seen as a set of broad indicators
to guide decision-making, not as precise predictions. With this in mind the problem is

approached in the following way.
5.2.3 The Joining Technique Selection Problem formulated as a Model

When developing a model, one may well begin with a verbal description of the problem,
together with its objectives and constraints, and then move forward in formulating first a
simple mathematical model. The following section will describe the procedure of the
Joining Technique Selection Problem (JTSP) and derive an algorithm.

Decision-making is a key managerial responsibility within the design process. The
process is initiated whenever a designer observes a problem. Perhaps unconsciously, the
designer first defines the problem and then formulates the objective of a design concept,
recognises the constraints, and evaluates the alternative. After that, the BIW decision
maker selects the apparently “best” course of action — the one that will lead to the
optimum solution. According to Levin and Kirkpatrick [1982], this process of analysis,
whether formal or informal, takes two basic forms:

Qualitative and quantitative. Using only a qualitative approach, a designer would rely on
personal judgement or past experience with similar problems. Such an intuitive “feel”

for the situation may be sufficient for making a decision.

119



$%%  Cranfield University

¥ Chapter 5 : Development of a Cost Estimating Methodology

Yet designers may require quantitative analyses. This would occur when they have no
experience with similar problems. Or it would occur when a problem is so important and
complex that it requires a thorough analysis if a great deal of money or a perplexing set
of variables is involved. Or the problem may be repetitive and simple, and a qualitative
procedure can save the designer’s time.

The BIW designer, who is the decision maker within the JT Selection process, is
expected to have the expertise to select the optimal JT’s for every JS of a new design
concept in terms of technical aspects like stiffness, corrosion, reliability etc.

In contrast, the BIW designer is not at home in cost decision methodologies and the
corresponding optimisation procedures. The designer has to make a decision regarding
the optimal combination of JT’s in respect of the manufacturing cost incurred. These
manufacturing costs include the cost rates for the fixed investment and the operational
cost for the JT’s with its machinery that are recorded in “Joining Technique cost
templates” added to the Appendix 7.

Once the new design concept is completed, the JT Selection process starts with the
identification of the Joining Sides (JS’s) within the new design concept. Therefore the
combination of the material and the length of the JS’s of participating parts is analysed,

its components being listed in a table, as shown in Figure 5.2.

=
‘ Aluminium @ Aluminium Material Length [mm]
=

3 I 1 E 4 B Z 3 B 3 T 1. Joining side Aluminium - Steel 520
Steel E 2. Joining side Aluminium - Aluminivm 275

E 3. Joining side Aluminium - Steel 460

g 4. Joining side Alu - High tensile Steel 275

@ E @ = Joining sides

5. Toining side Steel - High tensile Steel 350

Figure 5.2: Simplified schematic of an automotive wheelhouse with joining parts, sides and lengths.

Hence, a certain “identity number” is attached to every JS. The BIW designer who is in
charge of the design drawings could automatically do this data-transfer with only slight
time expenditure. This allocation of technical data to every JS is an important data input
for the JTSM. Via the combination of the JS’s materials, the “authorised” JT’s could be

defined precisely, as indicated in section 4.6.2. The length of the JS is an indicator for
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the manufacturing cost. The already analysed and summarised manufacturing cost for

every single JT within the JT cost templates is linearly dependent on the JS length.

5.2.4 Algorithm for the Joining Technique Selection Process

As the BIW designer is responsible for assigning the optimal JT to all JS’s of the new
design concept, the designer must conduct a separate process for every JS.
As a first step towards the development of an algorithm for the assigning the optimal JT

to every JS, a simplified model of the JT Selection process is illustrated in Figure 5.3.

1 2. 3. 4. 5.
Joining Side Joining Side Joining Side Joining Side Joining Side
w
a Soldering Soldering Soldering Soldering Soldering
E Spot-welding r~ —| Spotwelding _’I Spot-welding Spot-welding Spot-welding
a Lager-welding : Laser-welding 1 Laser-welding Lager-welding Laser-weding
B Clinching 1 Clinching : Clinching Clinching Clinching
E Riveting 1 Riveting 1 Riveting Riveting = Riveting |
é Falt-gluing : Falt-gluing - Falt-gluing - -bl Falt-gluing : Falt- gluing
g Spot-gluing = Spot-gluing Spot-gluing 1 Spot-gluing | Spot-gluing
5 MAG-welding MAG-welding MaG-welding 1 MAG-welding | MAG-wdding
E MI1G-welding MIG-welding MIG-welding : MIG -welding : MIG-w elding
= Crimping Crimping Crimping [ Crimping o Crimping
Possible Joining ¢ ¢ ¢ ¢ #
Technique = [i] x 10 x [i] x 5 x 8 = 14400
combination

Figure 5.3: Allocation of Joining Techniques to the Joining Sides.

This model lists in columns all possible JT’s for every single JS. Within these columns
all applicable JT’s, also called “authorised” JT’s, are underlined.

At this point, the objective of the method is the search for the optimal combination of
authorised JT’s in terms of manufacturing cost. In the illustration above, the line of
arrows shows only one possible combination of assigning JT’s to the JS’s out of the
14,400 possible combinations.

A further stage for the development of the cost estimation methodology consists in
connecting the technical data of JT’s and JS’s with associated costs. Similarly the
objective of this stage is to bundle the essential technical and financial data of a BIW
design concept into a central matrix as depicted in Table 5.1:. This JT-JS matrix is a
further development of Figure 5.3 in this way that the joining cost ¢y, arising from each

single joining process is assigned to each JS listed. Additionally the JS’s are given in
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terms of length and material because these are required for determining the number of
WC’s. The JT’s necessary for the joining process at each JS are listed in rows. They are

also assigned the joining costs arising from each single joining process.

Joining side No.: 1. 2. 3. n

Joining side Length [mm] Len JS 1 LenJs 2 Len JS 3 LenJSn

Joining side Material Mat JS 1 Mat JS 2 Mat JS 3 Mat JS n

i Cost
No. [ Joining Cost JS1 Cost JS2 Cost JS3 Cost JSn
Technique

1 JT1 ¢ iz ciz % Cin

2 JT2 c21 c22 cz: C2n

% JT2 [y 3z €3z Can

m JTm Cmi Cm2 Cm3 Crmn
JT = Joining technigue; JS = Joining side; Len = Length; Mat = Material, cmn = cost of Joining technigue m at Joining side n

Table 5.1: Joining Technique - Joining Side Matrix.

At this stage the transfer of the previous model and the JT-JS matrix into a simplified
algorithm could be elaborated without substantial effort. This simplified algorithm of the
JT Selection process can be described in a procedure with certain sequences of steps.
The procedure begins with the analysis of the total number n of JS’s. Afterwards the
procedure starts the first loop with an analysis of the authorised JT’s for the first JS j =1.
Out of these authorised JT’s the optimal JT (in terms of cost) will be assigned to JS j=1.
In a next stage of the procedure the actual number of the JS j =1 is compared to the total
number n of JS’s. If the number of the JS is smaller than the total number of JS’s, the
algorithm will jump back to the beginning of the procedure and carry out the same
process with the second JS j =2.

The procedure will be finished, if the actual number of the JS is equal to the total
number of JS’s (j = n). At the end the optimal JT combination will be displayed and the

optimal minimum cost of all optimal JT’s of JSj =1, 2, 3, ..., n will be summed up.
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| Analyse the total number of Joining Sides n ‘

v

\ Srartvmith o Gdes =1 \

.| Identify all authorised Joining Techniques for Joining Side j out of
the matrix of approved Joining Techniques and Material combinations

v

Identify the optimal Joining T echnique in terms of cost cut of the Authorised Joining Techniques for Joining Side j

v

Assign the optimal minimum cost C; for this Joining Techni que for Teining Side

YES

Increase
iby 1l

Display the Joining Technigue combination for total optimal minimum cost

S
Sum up and display the total optimal minimum l:ustig.cf

End

Figure 5.4: Algorithm for optimal Joining Technique Selection in terms of costs.

This iterative procedure, illustrated in Figure 5.4, describes a first basic approach for an
optimisation algorithm that appraises the optimal JT combination in terms of costs.

The transformation of the emblematised simplified model and the JT-JS matrix into an
algorithm for optimal Joining Technique Selection in terms of minimum costs is an
intermediate stage for the development process of a cost estimation methodology.
Likewise this systematic compilation of essentials into a matrix is the foundation for the
analysis of already existent and elaborate optimisation problems that could be implicated

with the Joining Technique Selection Problem.

5.3 Applicable Optimisation Methods

The algorithm for selection of the optimal Joining Technique makes it clear that the

optimisation problem arises in the area of allocation or assignment problems.
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The assignment problem is one of the fundamental combinatorial optimisation problems
in the branch of optimisation or operations research in mathematics. It consists of
finding a maximum weight matching in a weighted bipartite graph [Wikipedia, 2008].
In its most general form, the problem is as follows:
There are a number of agents and a number of tasks. Any agent can be assigned to
perform any task, incurring some cost that may vary depending on the agent-task
assignment. It is required to perform all tasks by assigning exactly one agent to each
task in such a way that the total cost of the assignment is minimized. If the number of
agents is equal that of the tasks, and if the total cost of the assignment for all tasks is
equal to the sum of the costs for each agent (or the sum of the costs for each task, which
is the same thing in this case), then the problem is called the Linear assignment
problem. Commonly, when the Assignment problem is mentioned without any
additional qualification, the Linear assignment problem is meant.
According to Hillier and Lieberman [1988], an assignment problem is defined by the
following conditions:

1.) There is a set of jobs (of any type) to be done.

2.) Enough resources are available for doing all of them.

3.) At least some of the jobs can be done in different ways and hence by using

different amounts and combination of resources.
4.) Some of the ways of doing these jobs are better than others (e.g. are less costly
or more profitable).

Therefore, the problem is to allocate the resources to the jobs in such a way that overall
efficiency is maximised; for example, so that total cost is minimised or total profit is
maximised. In the simplest allocation problem of this type each job requires one and
only one resource, and there are the same number of jobs and resources. This problem is
called the assignment problem because it involves assigning one resource to each job
[Zimmermann, 1986]. The resource may very well be a Joining Technique. There is a
cost or profit associated with each combination of job and resource. The problem is to
assign the resources so that the total cost of doing the jobs is minimised or the total

profit is maximised. This type of problem becomes more complex if some of the jobs
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require more than one resource and if the resource can be used for more than one job.
Then the problem involves dividing the resources and jobs appropriately.

The assignment problem is a special case of the transportation problem, which is a
special case of the minimum cost flow problem, which in turn is a special case of a
linear programming out of Operational Research [Wikipedia, 2008].

In the following a survey of already available assignment optimisation methods in the
area of Operational Research stresses which kind of mathematical solution techniques

are available to the Joining Technique selection problem.

5.4 Operational Research

Operations Research (OR) in the US, and Operational Research in the UK, is an
interdisciplinary branch of applied mathematics which uses methods like mathematical
modeling, statistics, and algorithms to arrive at optimal or good decisions in complex
problems which are concerned with optimising the maxima (profit, faster assembly line,
greater crop yield, higher bandwidth, etc) or minima (lesser cost, lowered risk, etc.) of
some objective function [Winston, 2003]. The eventual intention behind using
operations research is to elicit mathematically a best possible solution to a problem, i.e.
a solution that improves or optimizes the performance of the system.

According to Thierauf [1978], in recent years, operational researchers have been
showing managers how to avoid some of the perplexity that relates to decision-making.
They have developed various mathematical or OR techniques for evaluating possible
courses of action. Some of these techniques are best suited to situations in which all the
factors are known or predictable, but the complexity is so great that the human mind
cannot arrive at a wholly rational decision.

Whatever the orientation of these OR techniques, their central focus is to improve the

quality of the decision maker’s final decision.
5.4.1 Operational Research Models and Problems

This section is a short introduction to OR models and problems that are useful in
analysing decision problems. The emphasis will be on the potential practical applications

of these “tools”, rather than on their mathematical features.
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A model that may be used to show the effects of a policy is called a descriptive or what
if? model, because it is used as a test-bed to answer the question “What would happened
(in the real system) if we did this?”. This means that the responsibility for formulation
policies still rests with the manager or analyst, and that the model itself gives no verdict

on whether the results that emerge are “good” or “bad”.

| Operational Research Models |

Descriptive Models Prescriptive Models
1
I

Algorithm Models Heuristic Models
-also known as optimising models T

Deterministic Models Stochastic or Probabilistic Models
- referto a state of cettainty - deal with conditions of nisk
Linear Goal Dynamic Integer Project Netw ork Stock or Inventory
Programming Progr I Progr i Progr i Amalysis - CPA Control
O TP PP
¢ Transporiation : ! Capilal Budgeiing : Stock or Inventory Project Network Replacement and Dynamic Decision
Problem H H Problem H Control Analysis Reliahility Theory Programming Analysis

Figure 5.5: Structure of Operational Research models and problems.

The alternative approach, in which the model itself actually selects a policy, is called a
prescriptive model. It is, however, very important to remember that the model only
selects policies within limits set out by the manager and/or analyst, and that it uses the
manager’s criterion of what is “best’. Prescriptive models come in two types:

algorithms (also known as optimising models) and heuristics. An algorithm is a
procedure which, given a model and a criterion or criteria of what constitutes a “good”
policy, will find the optimal (best) policy.

A heuristics model also selects policies in accordance with specified criteria, but the
difference between it and algorithms is that the policy selected is not guaranteed to be
the best one. Any “rule of thumb” is thus a heuristic, yet clearly a worthwhile heuristic
must produce good solutions.

Whichever model is used, there is no absolute “right answer” as to how much detail

should be included in it. Edwards [1985] states that there has to be a compromise
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between accuracy, ease of comprehension and computational effort, and only those
involved with a particular problem can decide how that compromise should be made. In
simple terms, a model that helps to make a better decision is good enough.

For most purposes, there is no need for special terms to describe the level of detail of a
model, but the distinction between stochastic and deterministic models is of crucial
importance. Based on a state of certainty, the parameters of a deterministic model have
no variability, each taking a single value. The number of wheels that a car has is a
deterministic parameter, i.e. four: anything with more or fewer wheels is not a car.
Stochastic models deal with conditions of risk, where some or all models’ parameters
take a range of values, it being necessary to allow for variabilities rather than simply
deal with average or typical values.

Of the OR models presented, those best suited to the present research problem, which
concerns methodology, are the prescriptive models, which actually select a policy, and
of these the algorithmic ones (optimisation model), which, offering mathematical proof
that they will always work for a certain range of cases, are guaranteed to yield the best
solution in that range.

In a next stage the problem of JT Selection refers to a state of certainty, in which, there
being no variability in the model’s parameters, each takes a single value.

This is reason why the research problem belongs to the category of deterministic,
algorithmic models. The algorithms to be dealt with first, all closely related, come under
the heading of mathematical programming.

Within the deterministic category, this includes Linear Programming, the assignment
and transportation algorithms and Dynamic Programming.

On the basis of OR problems and models investigated, the range of potential practical
problems and models has been reduced. The sections that follow proceed on the
assumption that the problem of optimising the process of JT selection is transferable to
an assignment problem that belongs to the area of Linear Programming or Dynamic

Programming.
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5.5 Linear Programming adopted to the Joining Technique Selection

Problem

Many people rank the development of LP among the most important scientific advances
of the mid-twentieth century. Its impact since just 1950 has been extraordinary. Today it
is a standard tool that has saved many thousands or millions of Euros for most
companies or businesses of even moderate size in the various industrialised countries of

the world.
5.5.1 The Nature of Linear Programming

Briefly, the most common type of application involves the general problem of allocating
limited resources among competing activities in the best possible (i.e., optimal) way.
The problem of allocation arises whenever the level of certain activities competing for
required resources of limited availability must be selected. The variety of situations to
which this description applies is diverse indeed, ranging from the allocation to products
of production facilities to that of national resources to domestic needs, from portfolio
selection to shipping patterns, from agricultural planning to the design of radiation
therapy, and so on. The one ingredient common to each of these situations is the
necessity for allocating resources to activities.

Although allocating resources to activities is the most common type of application, LP
has numerous other important applications as well. In fact, any problem whose
mathematical model fits the very general format for the LP model is an LP problem.
Furthermore, a remarkably efficient solution procedure, call the simplex method, is
available for solving LP problems of even enormous size. These are some of the reasons
for the tremendous impact of LP in recent decades [Hillier and Lieberman, 1988].
Smythe and Johnson [1966] add, that LP, briefly described, deals with the optimisation
of linear functions subject to linear constraints. The basic tool for solving such
optimisation problems is an iterative process known as the simplex algorithm.

Hadley [1970] states that often an LP problem can be considered to be one concerned
with the allocation of scarce resources — men, machines, and raw materials — to the

manufacture of one or more products in such a way that the products meet certain
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specifications, while at the same time some objective function such as profit or cost is
minimised or maximised.

As already mentioned in the previous sections, the 7P is a particular type of the
assignment problems of LP. The following section deals with the transfer and

application of the JTSP to the TP.

5.5.2 The Transportation Problem applied to the Joining Technique Selection

Problem

As the name suggests, the transportation problem was first formulated as a special
procedure for finding the minimum cost program for distributing homogeneous units of
a product from several points of supply (sources) to a number of points of demand
(destinations). For example, a manufacturer may have 5 warehouses (sources) and 20
supermarkets (destinations), all located at different geographical points. For a specified
time period, each source has a given capacity and each destination has a given
requirement. Given the costs of transporting the product from each source to each
destination, the objective is to schedule transportations from source to destination in
such a way as to minimise the total transportation cost [Levin and Kirkpatrick, 1982].
Comparing the above-described example with our “Joining Technique Selection
Problem” the source would be a warehouse with a variety of JT’s (WC’s) and the
destination would be the right JS where the JT’s (WC’s) will be required. The different
costs for transportation are similar to the different manufacturing costs for the JT’s
(WC’s) at a certain JS. The objective of this LP problem is to optimise the JT Selection
in such a way as to minimise the total cost of manufacturing.

In the following the general model for the TP will be described and applied to the JTSP.
In particular, the general TP is concerned with the distribution of any commodity from
any group of supply centres, called sources (JT’s), to any group of receiving centres,
called destinations (JS’s), in such a way as to minimise the total distribution cost
(manufacturing cost).

Thus, in general, source i (JT’s) (i =1,2,..., m) has a supply of s; units (JT’s) to distribute
to the destination j (JS) (j =1,2,3..., n), which has a demand for d; units (WC’s) to be

received from the sources.
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A basic assumption is that the cost of distributing units from source i to destination j is
directly proportional to the number distributed, where ¢; (manufacturing cost) denotes
the cost per unit distributed.

Letting the objective function Z be the total distribution cost (manufacturing cost) and x;j;
(i=1,2,...,m;j=1,.2, ..., n) be the number of units (WC’s) to be distributed from source

1 (Joining Technologies) to destination j (JS’s), the LP formulation of this problem

becomes:
Minimise Z= z CiX;j (5.1)
i=1 j=1
so that dx;=s;, fori=12,...m (5.2)
D xy=d;, forj=12,..,n (5.3)
i=1
and x; >0, for all i and ;.

Any LP problem that fits this special formulation is of the TP type, regardless of its
physical context.

A necessary and sufficient condition for a TP to have any feasible solutions is that

s, :idj (5.4)

i=1 j=1

This property may be verified by observing that the constraints require that

fs iz ZZX” Zd (5.5)

i=1 i=1 j=1 j=1 i=1
This information is appropriately stated as a matrix (i.e. a rectangular array) of numbers
together with rim conditions. The combination of a matrix and rim conditions will also
be called a rableau. Constructing a series of such tableaux can make all of the
calculations necessary to solve the problem. The tableau of an m x n TP is illustrated in
Table 5.2.
A condition in which total supply is equal to total demand is called balanced, a condition
not likely to arise in actual practice. Most real problems are of the so-called unbalanced

type, where supply and demand are unequal. If this is the case, a fictitious “source” or
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“destination”, called the dummy source or dummy destination, can be introduced to take
up the slack in order to convert the inequalities into equalities and satisfy the feasibility

conditions. The JTSP will always be of the “demand less than supply” type.

Destination j
- Joining Sides - Supply

1 2 n 5,

' 1 S G 1 5
o
=
=

"

> & 2 €y Cn Con 5,
© 3
5 e
S o
2 2
k=
e

! m le Cm2 Cmn Sm

1
d 7+ ZS"
Demand d. d, 4, n Yod. S5
7 1
Ji:

Table 5.2: Standard format of cost and requirements Tableau for the TP.
The demand d; of the number of WC’s is a function of the JS length, since every single
WC of no matter which JT joins 50 mm of JS. For a JS with a length of 500mm the total
demand d of WC’s is computed as follows.

Joining Side length [mm] _ Lenyg [mm] 500 mm _ 1OW C's
length per Working Content[mm] Lenyc [mm] 50mm —

Number of WC's =

Following studies are conducted with integral numbers without loss of generality.

Transferring the TP to the JTSP of the research work delivers the transportation table

illustrated in Table 5.3.
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C
To 1. Joining | 2. Joining n. Joining Fictitious J. Technique
Froini Side Side Side n+1. Joining Side Supply s;
1. Joining e Leny i
Technique i Lenyg
2. Joining
Technique
A - E » B
m. Joining o g Lengiy
T echnique T Lenyc
Len = B a
Joining Side | |7, - Lot dy = | dyy = s - > dg | [ Zs
Demand 4 Lengy Lenye = Z;, d;
=
D

Table 5.3: Transportation table transformed to the JTSP.

The standard format for the transportation table has been divided into five lettered

sections - A, B, C, D, and E — each of which will be explained in detail.

Section A: In this part the JT’s (sources of supply) are listed, JT 1,2, ..., m. Each row
represents a JT (a number of WC’s) that could be applied to the JS’s. Combinations of

JT’s, for example welding and gluing, will be treated as single JT’s.

Section B: In this column the number of necessary WC’s are gathered to provide the JS

with any JT sufficient to the task. For that purpose the supply of each JT has to be

B Len

total

S foralli=1, ..., m. (5.6)

4

Len

Section C: In this section the JS’s (the destination points) are listed, JS’s 1,2, ..., n.
Listed in addition is the fictitious n+1% JS responsible for the balance condition, in
which total supply is equal to total demand. Each JS represents a column in the table.
Because of the JS’s length and the possible material combinations each JS has its own
characteristic.

Section D: This lower section indicates the number of WC’s (d;) demanded by the JS

given.
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_ Len I8,

d.= forj=1,2,...,n. 5.7
I Teny, J (5.7

The fictitious demand of the fictitious (dummy) JS is calculated from the difference:

m n n
Len Lenjg.
— 2 E : =m- total _ j
dus1 = 285~ 245 = Len Len
i=1 1 wWC =1 WC

= (5.8)
=m- Len total _ Len total _ (m _ 1) . Len total
Lenywc Lenyc Lenyc
n+l m
Therefore the feasible condition Y d, =Y"s, is fulfilled. (5.9)

i-1 i=1
Section E: These squares, or cells, represent the quantity (xij) of JT’s (WC’s) that are
assigned from the source to the destination. In other words, all x;;’s in Table 5.5 denote
the number of JT’s (WC’s) that are needed to manufacture JS’s. The value of each x;
will be either zero or a positive number.

To incorporate necessary data into the Table, the single manufacturing cost (cij) for JT’s
or WC'’s is entered in the upper right corner of each square of section E, as shown in
Table 5.4. If in a particular solution the value of ¢ is enormously high for a square, this
means that the combination of the JT with the JS is not appropriate in terms of
manufacturing. The column of the fictitious JS is attached to section E in order to
balance the condition X s; = X d;. For a clear identification of every single cell a JT — JS
combination symbol, [1. JT - 1. J.S.], has been inserted.

The following statements and applications of examples for the JTSP are based on the
illustrated transportation table of Table 5.4.

According to Zimmermann [1986], the TP in principle could be solved with the simplex
method, though not without an immense effort of calculation. However, there is a
method of problem solving, called the distribution method that is older and more easily
handled than the simplex method. In the following, the procedure of the distribution

method is subdivided into four steps.
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1. Joining | 2. Joining n. Joining Fictitious J. Technique
Feot Side Side Side nt1. J. Side Supply s;
1. Joining @ \L @ |L @ \L \L o Lengy
Technique LIT-1.1S. 1IT218. 1ITnJs. LIT-FJS. ' Lenye
| ORISR ISR 5
Technique 21T-115, 2JT-2.15. 2IT-nIS. 2JT-FIS.

m. Joining @ 8 @ 6 @ 100 0], =Tt

: Len
Technique MmIT-1.1.8. TMIT-2.1.8. MIT-IS. mIT-F.IS. WE
m
m n
J. Side 4~ Lengs: 4 e d = Zsi B Zdi b+1 >
T — n 3 i=
Demand d, Lenyc Lenyc i1 =1 Zdj &

Table 5.4: Transportation table with squares identified and costs for one WC.Step 1: Validation of

the balanced condition

As previously described, the sufficient condition of X s; = 2 d; has to be validated. This
means that if the demand is not equal to the supply, fictitious rows and columns of
balance (dummies) have to be inserted into the transportation table. In the case of the
JTSP the supply Xs; of JT’s or WC’s will always be higher than the demand Xd; of the
JS’s. Therefore a fictitious column will be added to the transportation table. The value of
this fictitious column must be great to ensure that the column not be taken

mathematically as listing a real JS.

Step 2: Matrix reduction

The reduction of the cost matrix is particularly advisable if the optimal solution is to be
ascertained by the Stepping-Stone method. Matrix reduction involves less in the way of
calculation. Certain rules for matrix reduction prevent the alteration of the distribution

problem.

Step 3: Constructing an initial basic feasible solution
As in the case of the simplex method an initial feasible solution must be ascertained.

There are three methods for obtaining an initial basis and feasible solutions:
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a) Northwest-corner rule
b) Minimum-entry method

¢) Vogel Advanced Start Method (VAM)

Step 4: Determination of the optimal solution
Having obtained a first feasible solution to the distribution problem, the next step is to
determine whether this solution is best in terms of cost. Two alternative procedures for

evaluating the optimal solution are available:

a) Stepping-Stone-Method
b) Modified distribution (MODI) method also called v-v-method

This latter procedure with its algorithms can be applied to an example of the JT selection
problem. Thereby the constraints are coming from the praxis. The application of these
constraints is of critical importance if the methodology of the JT selection is to be
improved and if further zones of optimisation are to be entered. This will carry into a
discussion on the extent to which the JTSP can be resolved by means of the distribution
method. In the following, a JTSP example will be explained on the basis of the
distribution method. For this purpose the constraint obtains that exactly one JT with a
given number of WC’s can be distributed to every JS.

Comparison of the example to the real world design process indicates that in practice
only one JT with its WC’s is applied to one JS. The scarcity of manufacturing space
within an automobile plant does not permit equipment for different pieces of Joining
Technology machinery in one place. Also the need of space for maintenance would not
be met. The cost for investment, maintenance and quality assurance would increase
dramatically in the manufacturing process. The assumption acted on is that the
distribution of exactly one JT to each JS is unavoidable if manufacturing costs are not

exploded.

5.5.2.1 Application of the Transportation Method to the Joining Technique Selection

Problem

The following example refers to section O where the JTSP was formulated on the basis

of a model. This schematic of an automotive wheelhouse with its joining parts, sides and
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lengths is applicable to real situations. Instead of data pertaining to demand d; and the
supply s; in the transportation table, data on the JS material and the length may be
entered. In the following diagram, these data have been arranged in table form, as shown

in Table 5.5.

Joining Side Material combination JS Length [mm] | Number of W(C*s
1.J8 Steel - Steel 500 10
2.J8 Aluminium - Aluminium 250 5
3.J8 Steel - Aluminium 450 9
4.J8 Steel - High tensile Steel 300 6
5.J8 High tensile Steel - Aluminium 350 7

Table 5.5: Examples data for material combination and length of Joining Sides.

Due to the various combinations of the JS materials, the authorised JT’s can be defined
directly on the basis of the matrix of approved JT s and material combinations given in
section 4.6.2. The output quantity of the authorised JT is dependent on the JS length and
is specified by the number of WC’s.

This conversion ratio is taken from the Joining-Technique cost-tables given in Chapter
4.6.4 and Table 4.5. The demand d; of the remaining JS’s can be converted according to
the same pattern.

The supply s; of WC’s of every JT (row) to every single JS (column) is:

s;=>.d, fori=12,....,m (5.10)
j=1

This constraint is valid for the followings “transportation” examples because a single JT
with its fixed number of WC’s can supply all JS’s.

The cost for a JT with its WC’s is a function of the material combination and the
complexity level (JS Coefficient) of every JS as already described in section 4.6. In the
following example these costs are simplified as shown in Table 5.6 for solving the

problem by hand.
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Cy j=1 2 3 4 5
i=1 6 ) 100 o 100
2 7 6 7 100 o
3 8 7 7 6 8

Table 5.6: Working content cost table for the Joining Technique Selection example.

In this example, the constraints permit the distribution of exactly one JT with a given
number of WC’s to every JS.

If the data of Table 5.5 and Table 5.6 are entered in the transportation table as shown in
Table 5.7, the result will be the JT distribution table.

Once the data have been arranged in table form, an initial feasible solution may be
sought with the help of the northwest-corner rule. One initial solution to the JTSP of the
example is illustrated in Table 5.7.

In this instance the first and second JS can be supplied with WC’s of spot welding, the
third JS by clinching and the fourth and fifth JS by blind riveting.

The quality of this initial solution can be indicated by the interim manufacturing cost.
n m
Z =% c;x;j =10X6+5xX5+9XT+6x6+7x8=240
j=li=1
A first solution to the JTSP having been found, the practical applicability of the example

chosen may be examined.

Length [mm] 500 250 450 300 350 7400
Material Steel - Steel Alu - Alu Steel - Alu  |Steel-Ht.Steel | Ht. Steel-Alu | fictitious
Fictiti i
Lo 1.1.8. 2. 1. Se. 3. 1.5. 4.1.5. 5.1.5. e s Techmigue
From J. 8. Supply s;
1..J. T.- 6 \i 100 7 100 @ E 21
Spot welding ______>
2.1.T. 7 ¥ \6_ \L 100 6 @ \L
Clinching @777#*@ 31
3.IT. 8 b ; t 6 8 . m
Riveting ®_____., ___--.,@ @ 2
J. Side
89
Detisind d] 10 5 9 6 7 52 59

Table 5.7: Joining Technique distribution table with an initial solution.

1
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In the previous examples, the optimal solution can be determined by means of the fourth
step in Zimmermann’s procedure, described above, followed by application of the
Stepping-Stone-Method or the Modified Distribution method (MODI). This fourth step
will not, however, shed light on the question whether the distribution method is
applicable to the solution process of the JTSP.

In the following, some of the strengths and weaknesses shown by application to the

JTSP of schematics designed for the TP will be passed in review.

5.5.2.2 Discussion and Conclusion about the Application of the Transportation Method

to the Joining Technique Selection Problem

An itemisation of strengths and weaknesses in the transformation process by which the

Transportation Method is applied to the JTSP may serve as a preliminary to discussion.

Strengths:

e The coefficients: supply of goods and costs are mathematically
transferable into the JTSP.

e The number of sources (JT’s with their WC’s) and the number of
destinations (JS’s) mathematically are not restricted.

e The layout of the Transportation Table and therewith the layout of the JT
distribution table are concise and plain for the user.

e The mathematical approach of the TP is validated by OR procedures
accepted worldwide.

® Much OR software is available for solving the TP.

Weaknesses:
e Only one kind of cost for investment, running cost, maintenance etc. can
be taken into account.
e As a consequence of that the optimisation algorithm can arrive at sub-
optimal solutions.
e The TP permits the distribution of more than one JT, each having a given
number of WC'’s, to the same JS, a case that can hardly arise in practice

because of additional robots and lack of space in the BIW factory floor.
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At first sight, therefore, the optimisation procedure of a JSTP treated as if it were a TP
does not seem to present unresolvable problems. Furthermore the great number of
strengths and advantages of the Transportation Method are strong grounds to view it as a
desirable approach to the JTSP. The greatest weakness of this approach consists in the
fact that the distribution process of the Transportation Method will yield only the
technology that will prove cost-saving in the case of every JS, so that the least expensive
Joining Technology, assuming an infinite supply of such, would automatically be chosen
by the distribution process in every case. This is not a realistic solution to the problem as
it would not ensure success to the JTSP. So the TP is mathematically not sufficient to
offer adequate solutions to such a complex technical engineering problem as assigning
WC’s in form of JT to JS because the method is by its nature linear.

A logical step forward will be to use a method that can be implemented to non-linear
problems capable of using more than one type of cost. Nevertheless the evaluation and
the application of the TP have been another important step for the research work with
the determination and mathematical formulation of boundaries and restrictions. This
investigation has furthered the search of another suitable OR optimisation process. Such
an OR process out of the area of DP will be analysed and discussed in the following

section.

5.6 Dynamic Programming adopted to the Joining Technique

Selection Problem

According to Edwards [1985], LP problems have one common characteristic: they are
static. Problems are stated and solved in terms of a specific situation occurring at a
certain moment. When a problem is concerned with variations over time, a different OR
technique must be used, one that provides for the time element. Such a technique, called
Dynamic Programming, is an extension of the basic Linear Programming technique.

The title “Dynamic Programming” stems from the work of R.E. Bellman and G. B.
Dantzig, published largely in Bellman [1957], Bellman and Dreyfus [1962] and Dantzig
[1963]. Their important contribution on this quantitative technique was first published in
the 1950’s. Bellman was the first to appreciate the wide range of applicability of a

computational procedure commonly referred to as the value iteration algorithm.
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Initially, DP was referred to as stochastic LP or LP dealing with uncertainty. Today DP
has been developed as a quantitative technique to solve a wide range of business

problems [Hastings, 1973].
5.6.1 The Nature of Dynamic Programming

DP has some elements in common with the LP techniques, but it is really only one of the
distant cousins of this family. Its distinctive feature is that it deals with a sequence of
linked decisions — generally at different points in time, but sometimes at different points
in space. Some of its fields of application include multi-period production and inventory
planning, choice of shortest route, equipment replacement and even optimal animal
feeding problems.

At the heart of all the algorithms for DP is the ’Principle of Optimality’ set out by
Bellman [1957]. In everyday language, this principle says that if one cuts into the
optimal sequence of decisions at any point, the remaining decisions in the sequence will
still be the best that could be made from that point onwards. As a result, the optimal
solution is usually found by working backwards from the final decision point.

Thierauf [1978] gives the explanation that DP is based on the “principle of optimality,”
which states that an optimal policy is one that consists of optimal sub-policies. Hillier
and Lieberman [1995] emphasise that DP is a useful mathematical technique for making
a sequence of interrelated decisions. It provides a systematic procedure for determining
the optimal combination of decisions. In contrast to LP, there does not exist a standard
mathematical formulation of “the” DP problem. Rather, DP is a general type of approach
to problem solving, and the particular equations used must be developed to fit each
individual situation. Therefore, a certain degree of ingenuity and insight into the general
structure of DP problems is required to recognise when a problem can be solved by DP
procedures and how it can be done.

DP may be thought of as a way of looking at a problem containing a large number of
interrelated decision variables; it consists in breaking the problem down into a sequence
of problems, each of which requires the determination of a small number of variables, or
even of a single variable.

This technique is one of the newer tools of operational researchers. As more researchers

master the subject matter of DP, it will find wider application.
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Shamblin and Stevens [1974] state: “Of all the mathematical tools employed in
Operations Research, Dynamic Programming is perhaps the simplest in concept and yet

one of the most difficult to apply”.
5.6.2 The Process of Dynamic Programming

DP is structured somewhat differently from other OR techniques because it divides the
problem into a number of sub-problems or decision stages. General recurrence relations
between one stage and the next stage describe the problem. A stage usually refers to a
time period but need not necessarily represent time. Also, the state of the system is
described by one or more state variables. Within this structural framework, a DP
approach is helpful in solving sequences of decisions affecting decisions that must be
made in the future. Even though incorrect or less than optimal decisions have been made
in the past, DP still enables one to make correct decisions for future periods.

White [1969] asserts that problems to which DP has been applied are usually stated in
the following terms. A physical, operational, or conceptual system is considered to
progress through a series of consecutive stages. At each stage the system can be
described or characterised by a relatively small set of parameters called the state
variables or state vector. At each stage, and no matter what state the system is in, one or
more decisions must be made. The decisions may depend on either stage or state or both.
It is true that the past history of the system, i.e., how it got to the current stage and state,
are of no importance. In other words, the decisions depend only upon the current stage
and state. When a decision is made, a return (for the minimisation problem “cost” might
be a more appropriate term) or reward is obtained and the system undergoes a
transformation or transition to the next stage.

The overall purpose of the staged process is to maximise or minimise some function of
the state and decision variables. The key elements that one associates with a DP problem
are stages, states, decisions, transformations, and returns.

Ideally, what DP seeks to do is, in effect, solve n single variable problems instead of a
single problem with n variables. Whenever this is possible, it usually requires much less
computational effort. Solving n smaller problems requires a computational effort that is

proportional to n, the number of single variable problems if each problem contains one
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variable. On the other hand, solving one larger problem with n variables usually requires
a computational effort roughly proportional to a”, where a is some constant.
Hence the desirability of transforming or considering an n-dimensional problem as n

one-dimensional problems.

5.6.3 The Capital Budgeting Problem applied to the Joining Technique Selection

Problem

The Capital Budgeting Problem (CBP) represents a typical allocation problem in which,
generally, resources are to be optimally distributed among a number of activities (stages)
[Taha, 1992]. The definition of the state of the system for all allocation problems is
generally the same: namely, the quantity of the resource (JT’s) allocated to a successive
number of stages (JS’s) starting from the last or the first stage depending on whether the
backward or the forward method has been chosen.

According to Hastings [1973], in an allocation problem a limited supply of one or more
resources, such as raw materials, capital, labour, time, space, carrying capacity, etc., is to
be allocated to a number of uses in such a way as to optimise some objective function.
The method of solution for the JTSP can be the Capital Budgeting Method. It is one of
the computational algorithms of DP. For that the JTSP has to be re-written in terms of

the CBP:

Minimise
M(k,,....ky) =M, (k) +...+ M (ky)
N 5.11
=2Mj(kj> G0
j=1
N
so that Dciky<C (5.12)
j=1
k; := Number of proposed JT at JS j

M;(kj) := Manufacturing costs of JS j under proposal k;
M(k;, ..., kn):= Total manufacturing cost of all JS’s under the proposals ki, ...,kx
¢j (kj) :=Investment cost at JS j under proposal k;

C := Approved investment budget
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In the following the Capital Budgeting Methodology can be applied to the JTSP. The

algorithm is given by the following recursive equations:

fixp) = min  {M;(k)} (5.13)
for all
feasible k;
fi(x;)= Ifrgrlalﬁ {Mj(kj)+fj-1(xj _Cj(kj))} (5.14)
feasiblekj
= min {M;{k)+£;,(x;,)} with: j=23,..,N
feasiblekj
X := Amount of investment allocated to JS1,...,JS j

j
f;(x;) :=Sum of optimal manufacturing cost for JS1,...,JS j

In words the algorithm can be written as:

Value of iterative | Minimum over all feasible [ Returned value for a Value of iterative]

stage (step) j " proposals for stage (step) j stage (step) j proposal T stage (step) j-1

When the current stage number j-1 is increased by one, the new fj(x;) value is calculated
by means of the fj.;(xj.;) value calculated during the preceding iteration, and this process
keeps repeating.

The iterative process ends with N and the according value fx(xy) provides the sum of
optimal manufacturing costs. The chosen feasible JT s from stage (step) 1 to stage (step)
N yield an optimal solution for the JTSP. If at the end of the calculation, stage (step) N,
there is more than one feasible solution, each with its overall manufacturing cost, then,
obviously, the solution with the lowest investment cost is chosen.

Note that the problem need not have a feasible solution at all. If there is none, it will be
recognised that there is no feasible solution in the iterative steps.

DP problems are reversible in the sense that the solution procedure actually could have
moved either backwards or forwards (the latter alternative amounts to renumbering the
stages in reverse order and then applying the procedure in the standard way). This

reversibility is a general characteristic of resource distribution problems.
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Figure 5.6: The basic structure for forward and backward DP procedures.

According to Hillier and Lieberman [1988], for some problems, especially when the
stages (steps) correspond to time periods, the solution procedure must move backward.
The definition of state x; and y; in the forward and backward methods can be compared
graphical summaries of both given in Figure 5.6.The Capital Budgeting Method applies
generally, though with variations in detail, to sequential problems over a wide range of
applications.

The flow chart for the algorithm is shown in Figure 5.7. It has three loops. The inner
loop (loop 3) corresponds to finding the best action at a state. The middle loop (loop 2)
takes the procedure from one state to another at each stage, whilst the outer loop (loop 1)
takes the procedure over each stage in turn. By following the flow chart, one can

determine the optimal action and value for every state.
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Begin

v

Set terminal values

v

Loop 1
p| Next stage
Loop 2 +
p| Next state
Loop 3 + ]
Next action

v

Calculate trial value for current state and action

value better than
previous
best?

Yes

Note value and action as best so far

End

Figure 5.7: DP flow chart for the Capital Budgeting Method.

5.6.3.1 Application of the Capital Budgeting Method to the JTSP

The connection between stages and states in the JTSP has always been described in the
previous section. As indicated in Table 5.8: Two-resource allocation problem., each JS
represents a stage at which it must be decided which JT is optimal. The alternatives are
given by the decision variable k; at stage j, which designates the Joining Technology. In

this case the manufacturing cost function is M;(k;). The stages are “linked” by the fact
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that all the JS’s (stages) are in competition for the optimal JT, hence for a share of the

limited investment budget C.

Target
_ Alloeationcl 1. Joining Side | 2. Joining Side . Joining Side
Joining Techniques [€]
G M, c, M, G A,

1. Joining T echnique €11 M), Ca: My, Cui M,
@ | 2. Joining Technique O M,
5
=
€0}

m. Joining T echnique €l M, Cam M,

. A K A v
v N v v
stage 1 stage 2 stage 3 stage n

Table 5.8: Two-resource allocation problem.

Transformation of the JTSP occurs as follows. The car body produced by an automotive

BIW production involves a certain number of joining operations. Each car body requires

a number of different JT s for joining the blank sheets together. Allocation of a certain

number of JT’s to a certain number of JS’s determines the manufacturing cost. The

possible allocating investment cost ¢ for the Joining Technologies is restricted by an

approved investment budget C. The aim is to find the optimal combination of JT’s that

will provide minimum manufacturing cost.

The purpose of the following JTSP example is to show that the CBP is an appropriate

method for finding the optimal manufacturing cost solution.

A BIW project comprises the manufacturing of around 20.000 units of steel — aluminium

compound, as shown in Figure 5.8.

Aluminium

Material

J.8. length [mm]

1. Joining side

Aluminium — Steel

400

3

1
=
@ High tensile steel

2. Joining side

Bteel —High tensile steel

250

3. Joining side

Aluminium — High tensile steel

550

Figure 5.8: Schematic of steel — aluminium compound with joining parts, sides and length.
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Therefore the investment cost of 920,000 EUR for the purchase of 3 joining machines
has been approved. As revealed in the illustration of Figure 5.8 the number of JS’s is 3.
The constraint of the limited investment budget of 46 EUR for every single compound
results from the approved investment budget. The following calculation of the CBP
provides evidence that this method is suited to optimise the manufacturing cost under the
predetermined constraints.

Example for the JTSP:

Minimise M (k;, ko, k3) =M, (k)+ My(ky)+ Mi(ks) (5.15)
so that C=c;+cy+c3<46 EUR (5.16)
DP forward procedure:
fy(x;):= min  {M;(k;)} (5.13)
for all
feasible k;

fi(xj)= glrlﬁl {Mj (kj)+fj-1 (Xj—l) }
feasiblekj

with:  j=23 (5.14)

Computation of the Capital Budgeting Method must proceed on the basis of proper data
concerning investment cost ¢; and manufacturing cost M;. These cost data are gathered in
the JT cost templates that are specified in Chapter 4.6.4, attached in the Appendix 7, and

used for the CBP source matrix, as shown in Table 5.9.

Joining side No.: 1 2 3
Joining Side Length [mm]: 400 250 550
JoiingSidelaterial itlifri‘ujnimn Is{tfgill t:ensile steel ﬁligﬁaurlg?e;teel
No. | Joining Costs (:1 M, c, M, & M,
Technique

1. Spot welding 12 205 14 2.5

2. MIG welding 16 2 14 1,5

3. Punch riveting 14 205 12 2,

4. Cohesiveness gluing 18 1,5 20 1 18 1,5

Table 5.9: Source matrix of the CBP for a concrete JTSP example.
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This CBP source matrix visualises the acquisition of every single JS with its length and
material combination. In addition, the authorised JT’s are arranged in lines with
associated cost of investment ¢ and manufacturing M.

As was mentioned in the algebraic statements (5.14) the DP forward method is chosen
for the solution of the transformed JTSP. For this purpose the calculation procedure
starts with the stage 1.

Application of the equation (5.13) yields the optimal solution for the manufacturing cost
of JS 1. This optimal solution can be read directly from Tableau in Table 5.10. The
optimal value for fj(x;) is 1,5 EUR and specifies for the 1** JS the application of JT
cohesiveness — gluing, which is embodied by the proposal vector [4], as indicated in

Table 5.10. This done, the procedure moves on to state 2.

State 1 Manufacturing cost for feasible proposals: M,(k;) Optimal solution
z([€] k=1 k=2 k=3 k=4 fiz) Proposal number Proposal Vector
12 25 i 1 (1]
14 25 2,5 25 lor3 [1]or[3]
16 25 2 2,5 2 2 (2]
18 25 2 2,5 1,5 1,5 4 (4]
20 25 2 2.5 1,5 15 4 [4]
22 2.5 2 2,5 1,5 15 4 4]
24 25 2 2,5 1,5 1,5 4 (4]
26 2,5 2 2,5 1,5 1,5 a4 [4]
28 2,5 2 2,5 15 1,5 4 4]
30 2,5 2 2,5 1,5 1,5 a4 4]
32 25 2 2,5 15 1,5 a4 [4]
34 25 2 2,5 1,5 1,5 4 (4]
36 25 2 2,5 125 1,5 4 (4]
38 25 2 2,5 1,5 1,5 4 [4]
40 2.5 2 2.5 15 15 4 [4]
42 25 2 2,5 1,5 1,5 4 (4]
44 25 2 2,5 1,5 1,5 4 (4]
46 25 2 2.5 1,5 15 4 [4]

The calculations carried out by function (5.17) also seek a conditional optimal solution

Table 5.10: Computation tableau for state 1 of the JTSP example.

for stage 2 as a function of the state X, in compliance with the constraint (5.16).
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f,(x,) = min {M, (k,) + T (X, — c,(k,))}

However, they differ from those of stage 1 in that state 2 now defines the investment

budget to be allocated to stage 1 and stage 2. Such a definition will guarantee that a

with: ko=1,2,3,4

decision made for stage 2 will be automatically feasible for stage 1.

Therewith the temporary optimal solution for the manufacturing cost of the calculations

for stage 2 is fo(xp) = 2,5 EUR. The proposal vector [4, 4] specified the application of

cohesiveness gluing for both JS’s as a conditional optimal solution.

With application of function (5.18) the third and last step of the JTSP example yields the

final optimal solution.

(5.17)

fy (xy) = min {M; (ky) + T, (x;— c3(ky))}  with: ks=1,2,3, 4 (5.18)
State 2 Manufacturing cost for feasible proposals: {M, (k;) + fj(xy ¢; (k2))} Optimal solution
%4[€] k=1 k=2 k=3 k=4 2oy Proposal mamber Proposal Vectar

26 2,549,5=5,0[1] 1,542,540 [1] 40 g (1,2]
2,50,55,0[1] 1,542,5=4,0 [1]

28 2,540,550 L542,5=40 [ 4,0 2 [1,2]or[3,2]
2,502,550 1,542,540 [1]

30 254204512 1,542,0=,5 ] 35 2 [2,2]
2,540,5350[3 1,542,540 [] 2 H
2,52,5=5,0[1] 1,542,5=4,0 [1] 1,042,553,5[1]

2500457 1542,0=35 [

3z 2,540,550[3) 15425540 [F] 30 2 [4,2]
2,5H.540[4 1,54,523,0 |4
2,59,5=5,0[1] 1,542,540 [1] 1LIH2,523,5[1]

2520450 1,542,0=35 ] 1,042,553,5

34 2,549,550 1,542,540 [ et 3,0 2 [4,2]
2,5H,5-4,0[4 15,530 |
2,59,55,0[1] 1,542,540 [1] 1,042,523,5[1]

252045 (7 1542035 ) 1L0+2,0=3,0[2)

36 2,548,550 1,542,540 [ 104,515 1) 3,0 Zor4 [4,2] or[2, 4]
2,5H,5=40[4 1,541,553,0 T
2,50,55,0[1] 1,542,5=4,0 [1] 1,0H42,5=3,51]

254,452 1,542,0=3,5 [] 1,042,0=3,0 [2]

38 25,5507 1,542,5=410 [3] 10425735 [4 2.8 4 [4, 4]
2,54,5=40[4 1,541,550 B 1,0H,5=2,5 [4]
2,52.5°5,0[1] 1,542,540 [1] 1042,5°3,5[1]

2520457 1542,0=35 ] L2030 ]

40 2,542,550 3 1,542,5=4,0 ] 1042523513 2:5 4 [4, 4]
254,540 L5320 H) 1,041,522,5 4
2,52,5=5,0[1] 1,542,5=4,0 [1] 1,042,553,5 1]

2500457 1542,0=35 ] 1042030 2

42 2,542,550 [3) 1,542,540 ] L042.555.5 3] i) 4 [4, 4]
2,5+,540[4 L1550 A 1,040,5-2,5[4
2,502,550 1,542,540 [1] 1,042,5°3,5[1]
2,549.0=45[7 1,542,0=3,5 ) 1L0+2,0=30[2)

46 2542550 3] 1,542,540 [ L42,553.5 [3 i) 4 [4, 4]
2,5H,5=410[4 154,530 4 1525 4

With f; (x;) = 5,0 EUR the optimal manufacturing cost has been computed in

compliance with the constraint that the approved investment budget of C <46 EUR not

Table 5.11: Computation tableau for state 2 of the JTSP example.

be exceeded, as shown in Table 5.12.
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State 3 Manufacturing cost for feasible proposals: {M; (k;) + £50%5- o5 (K300}

Optimal solution

%5[€] k=1 k=2

=3

=4

s Proposal nunber

Proposal Vector

38

20+4,0-6011, 2

6,0 3

[Eede 3]

40

20+4,0=6011, 2]
20+40=601, 2

6,0 3

(1,2, 3] or[3,2,3]

42

20+4,0=6,0 11, 2]
2044060 5, 2]
2043,555 2, 7]

55 3

(23]

20+4, 0601, 2]
20+4, 060 3, 2]
20435055 2,7
20+3,0=50 4, 2]

1.5+40=55[1,2]

5.0 3

[4,2,3]

46

20440601, 2]
20+4 060 3, 2]
2,043,555 2, 2]
2043,0=50 [4, 2]

1,5¢40=5,5[1,2]
1,5+40=5,5[3, 2]

50 3

[4, 2, 3]

Table 5.12: Computation tableau for state 3 of the JTSP example.

As another result of the calculation the final proposal vector [4, 2, 3] can be gathered

from the computation tableau of state 3. This vector itemises the optimal selection of the

JT’s to JS’s as represented in the solution Table 5.13.

If the optimal singular solution for manufacturing cost is identified with the proposal

vector [4, 2, 3], the monetary value of the definitive investment cost C can be calculated.

Proposal vector of

1. Joining Sid
the optimal solution fining Sice

2. Joining Side

3. Joining Side

Investment cost C
per compound

Manufacturing cost M
per compound

[4, 2, 3] Cohesiveness gluing

WIG welding

Punch riveting

44,0

50

Table 5.13: Solution Tableau for the JTSP example.

For greater clarity, the optimal solution vector [4, 2, 3] yielded by the Capital Budgeting

Methodology is included in the source matrix, as illustrated in Table 5.14.

Joining side No.: 1 3
Joining Side Length [mm]: 400 250 550
B e s Steel - Steel — Aluminium —
Joining Side Material: Aluminium High tensile steel High tensile steel
P Costs
No. | Joining [N M, [ M, [ M,
Technique
1. | Spotwelding 12 2,5 14 2,5 = -
2. MIG welding 16 2,0 14 @ A - -
3 | Punch riveting 14 25 / - ”
7
4. Cohesiveness gluing 18 @ 20 1,0 18 1.5

Table 5.14: Source matrix with the optimal manufacturing cost solution.
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Computing the JTSP by means of the CBP has shown the feasibility of finding the
optimal manufacturing cost with the appropriate total investment costs. Additionally the
proposal vector provides the solution for the optimal combination of JT’s.

In the following, the conclusion, that the Capital Budgeting Methodology can be used

for the solution process of the research work, will be discussed.

5.7 Appraisal and Discussion of the Results

In section 5.2.4 it became apparent that the JTSP belongs to the category of assignment
problems, one of the categories belonging to the area of OR. An investigation of the OR
research models and problems, see Figure 5.4, reveals that the JTSP belongs to the
category of deterministic, algorithms models. Within the deterministic category the LP
with the TP and the DP with the CBP were chosen because they are transferable to
JTSP. Hence, in sections 5.5.2 and 5.6.3 the JTSP was transferred into TP and CBP
models. On the basis of elaborate enquires into the attributes of the TP and the CBP,
realistic calculation examples have been computed. These elaborations of the JTSP
with the aid of the solution methodology of TP and CBP yield results helping to decide
which optimisation method is more convenient to the research problem.

Application of the TP process to the JTSP has yielded the following results. The main
features of the TP can be utilised for the JTSP. The basic idea of transferring JT’s into
transport goods that have to be transported from the source to the destination (JS’s)
under the objective of minimum transportation cost (manufacturing cost) turns out to
have been fundamentally right. The first calculated examples show reasonable
solutions. The accomplishment of more complex examples has yielded the main
weakness of the methodology that the involvement of more than one cost type is not
possible.

The application of the arithmetical operation of the CBP calculation yields proper
optimal solutions, and the verification of the findings are promising. The Capital
Budgeting Methodology fulfils the requirements of the JTSP for all intents and
purposes such as the possible large-scale of JS’s, the utilisation of different cost types
or the lucidity of the solution parameters etc. The CBP is an approved and established

assignment optimisation problem that solves the JTSP effectively. Furthermore the
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CBP methodology is in satisfactory agreement with the results obtained by
computation. Therefore the CBP is the appropriate candidate for solving the JTSP, an
important part of the overall cost estimation method.

For the evaluation of further arithmetical checks of the CBP and the validation of
previous results the accomplishment of an industrial case study out of the automotive
industry will be carried out in Chapter 6.

In the following, a systematic model for the manufacturing cost estimation is developed

that will be applied in the industrial case study.

5.8 Cost Estimating Model

To complement the results of the JTSP obtained in previous sections, it will be
convenient to view the entire cost estimating model as divided into three separate steps,
all pertaining to data: analysing, gathering and computing. This model comprises all
pertinent information and results obtained by the methodology research work essential
for solving the JTSP by means of DP. In effect, such a cost estimating model provides a
“recipe” for the solution procedure, which can be used systematically by the BIW

design engineer.

1. Step: Once a design concept of a new design task is completed, the design drawings
and supporting documents are analysed within sub-step la). The data obtained define
every single JS with its Joining Materials combination, its JS Length and the required
number of WC’s. These acquired relevant data are gathered in the JS Material, JS
Length and WC’s Table within sub-step 1b), as indicated in the previous Chapter.
Afterwards the significant technical data for the JTSM are concentrated in the Basic
Source Matrix, which leads to the second step of the procedure.

In the future, linking the data from the digital design concept in a standard CAD
program like CATIA to the JS Material, JS Length and WC’s Table by means of a

customised software program could lead to automation of Step One.
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Figure 5.9: First Step: Analysis and gathering of technical data.
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Figure 5.10: Second Step: Analysis and gathering of economic data and completion of the Source Matrix.

2. Step: The decisive technical data of the new design concept having been analysed in

Step One, Step Two appraises mainly the crucial economic data of the JT s and allocates
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them to the individual JS’s. For this purpose the matrix of approved JT’s and material
combinations are used first. It yields the authorised JT s and assigns them to JS’s already
defined. Then, when the assigned JS lengths and the JT cost templates are consolidated,
the assigned investment and manufacturing cost of every single JS can be established as
shown in Chapter 4.

In sub-step 2c) the defined JS’s are evaluated in terms of the technical practicability of
the chosen authorised JT’s. Elaboration of the JSC requires that complexity levels be
joined with tables defining and itemising the boundaries of technical difficulties
pertinent to cycle time. This coefficient includes the variations of cycle time associated
with investment and manufacturing costs. Multiplying the costs of the respective JT’s by
this coefficient yields the cost modifications desired.

The cost assigned the individual JS’s is the basis for the completion of the Source
Matrix, which is the linchpin for the computation process of the JTSM. Supplemented
by the JS lengths and the JS material combinations, the matrix visualises the individual
data of every JS in the investigated design concept. Generating the Source Matrix
transforms the JS’s into stages, which are a basis requirement for computation of the
JTSM by means of DP.

Like Step One, Step Two can be automated by a software tool, which can automatically
complete the Source Matrix by consulting the approved JT material combinations

matrix, the JT cost templates and the JSC tables.

3. Step: Once all crucial technical and economic data are centralised in the Source
Matrix and all JS’s are transformed into stages, the real DP process can begin; it
involves application of the recursive equations (5.13) and (5.14).

The process is accomplished in stages. Its overall purpose is to ascertain the optimal
manufacturing cost of the BIW design concept under consideration on the basis of the
combination of JT’s and the number of SWC’s involved (see Chapter 5.6), and to
determine whether this cost can be made to comply with investment budget

requirements.

155



&
2
L

2
=

S

=

~~

S

H
~

S

Chapter 5 : Development of a Cost Estimating Methodology

SUOONOL

(g @ 3[qe L) T=qurrar 2y 4 eud o g uorq o)

.,i.
=
el E R E I . PV R T — —F I e
e e
; A
- " ——
(49 S[qL] wApamquIoy 7y (eumpdo tof worrg oy

- - [=r— [ ST ==y gy S— TEER]1 ——
- a [ep— gy — [ p-s—— e — BT [a——

-..l...lu]. Pl ] e Sy | opeBmmeyy oy Sy ) | oy sy 7 | oy Sumer ) ey

gxa00.0y womern durosy

MEs u

Es T

s )

ddq0 yo
suwopenha anrsmaay

urEe'z =1 yum

{0750 M+ O Wil i = (0§
{0 od i = ('x) Y
SEUORENDT SAJEINIAS pUEMIO)

‘powaw Gupabpng jepden

Jlapow BunwwesBorg swueudig

Figure 5.11: Third Step: Computation of the JTSP by means of DP.
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The computation procedure depicted provides the optimal combination of JT’s for the
design concept under scrutiny in terms of minimised manufacturing costs and
compliance with the technical and economic boundary conditions.

Once the equations and algorithms of the DP computation process are given, nothing
stands in the way of a customised software tool programmed to compute the optimal

solution in compliance with the source matrix.

5.9 Summary

Chapter 5 comments on the generation and development of cost based methodology for
solving the Joining Technique selection problem.

As a first elementary step of investigation development of the cost model, a basic
modelling process, is presented as a basis for development of the cost estimation model.
In accordance with this process the problem of selecting the appropriate Joining
Technique is described in detail and formulated as a generic model. Subsequently in
connection with the Body-in-White Joining Technique selection process an algorithm is
developed showing that the Joining Technique Selection Problem is located in the area of
assignment optimisation problems. This conclusion led to the area of Operational
Research optimisation processes. A further investigation of Operational Research models
and problems led to the result that the Joining Technique Selection Problem belongs to
the category of deterministic, algorithmic models. These models offer feasible solution
methods for the development of a cost based methodology for optimal Joining Technique
selection. Further enquiries into optimisation methodologies of Operations Research have
confirmed that the Transportation Problem, which belongs to the field of Linear
Programming, offers a suitable methodology for solving the research objective of
ascertaining the optimal manufacturing cost. For that purpose computation of realistic
examples with their boundaries and restrictions show that the main features of the
Transportation Problem can be utilised for the Joining Technique selection problem.
Further analysis of deterministic models showed that the Capital Budgeting Problem in
the methodologies of Dynamic Programming can be used to solve the Joining Technique
selection problem. An example of realistic calculation from the automotive industry

yields the solutions desired. Subsequently a resume of the results obtained in the
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appraisal and discussion section of this chapter leads to the conclusion that Dynamic
Programming with the Capital Budgeting Problem and its characteristics is the most
appropriate method for solving the Joining Technique Selection Problem. For the
evaluation of further arithmetical checks of the Capital Budgeting Problem and the
validation of previous results the accomplishment of an industrial case study taken from
the automotive industry is carried out in Chapter 6.

Finally an entire cost estimating model involving all pertinent information and results
obtained by the methodology research work was elaborated. This model, which is divided
into three steps, is aimed at providing BIW Design with the option of selecting the most
cost efficient Joining Technique combination and thereby ascertaining the relative

manufacturing cost of new design concepts.
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6 Case Study of Cost Estimation Methodology

6.1 Introduction

Subsequent to the development of the Cost Estimation Procedure in the previous
Chapter a further enquiry and evaluation of this methodology will be conducted in the
following, in which an effort is made to justify its practicability, its accuracy, and its
benefit. For this purpose an Industrial Case Study is presented of an actual design
concept taken from the area of automotive Body-in-White and is computed by means of
the Joining Technique selection methodology. The Case Study will be solved in two
ways: first by means of the conventional methodology, and second with optimisation

methodology. These results and findings will be discussed to validate the methodology.

6.2 Industrial Case Study

6.2.1 Introduction

The primary purpose of an Industrial Case Study is to verify a methodology by
consideration of a practical example permitting validation or re-assessment of the theory
tested. In the course of this scrutiny, the overall methodology has been examined and
new insights into the entire process have been analysed and evaluated. This evaluation
makes a contribution to the improvement and optimisation of the JTSM developed. In
the same way the predefined boundary conditions of the methodology are reapplied and
possible variations can be identified and revised.

By application of the Industrial Case Study further advantages and disadvantages of the
JTSM are recognised and itemised. Thereby required information about strengths and
weaknesses of the generated methodology are obtained. Accordingly, the field of
application can be more precisely assigned, whereby the user of the methodology can
identify cases in which the user can obtain results suited to be of use in cost estimation.
Implications of the methodology can also be appraised to the extent to which it may
prove advantageous for computing optimal manufacturing cost.

An actual example taken from the area of automotive BIW is elaborated in the
following Case Study. For this purpose real sheet metal components of a front-end

wheelhouse have to be joined together with a view to finding the optimal manufacturing
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cost. First the manufacturing and investment costs are ascertained in a conventional
manner. This implies, that the JT’s for the joining process of a finished design concept
are already defined by the design department. Afterwards the manufacturing costs of the
same design concept are estimated by means of the JTSM. In this case the JT’s are
optimally assigned to the JS’s in terms of manufacturing cost and in compliance with
the technical and economic boundary conditions.

The findings and results of the Industrial Case Study are evaluated and discussed as

follows.
6.2.2 Accomplishment of the Industrial Case Study

The following Industrial Case Study cites as a case in point a BIW design concept.
Once the designer has designed the components of a design concept by means of CAD
tools, suitable JT’s must be assigned to the JS’s. The present design concept shows an
assembly made up of five individual sheet components. These components are
composed of three different joining materials: steel, high tensile steel and aluminium.
The Joining sequences of the individual sheet components, as illustrated in Figure 6.1,

have been defined by the design department.

5 blank sheets:
1 x High tensile steel @ @

2 % Steel

2 x Aluminium I M
N 15
\

Aluminium

W
@)

Aluminium

High tensile steel

DOHEGHEE

Steel

Figure 6.1: Joining cycle of a BIW wheelhouse of the Industrial Case Study.
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Analysis of the assembly drawings shows that there are six JS’s, as indicated in the
above joining cycle, with various Joining Material combinations. By means of the CAD
tools the JS lengths can be specified from the design drawings, and the JS Materials,
Lengths and WC’s Table can be filled in. Hence, the number of WC’s derived from the
JS length can be ascertained and entered in the Basic Source Matrix.

When the JS Materials, Lengths and WC’s Table have been entered as in Table 6.1, step

one of the JT Selection Procedure has been completed.

Material Length [mm] Number of WC’s
1. Joining Side Aluminium - Steel 170 4
2. Joining Side Aluminium - Aluminium 435 9
3. Joining Side Aluminium - High tensile steel 275 6
4. Joining Side High tensile steel - Steel 240 5
5. Joining Side Aluminivm - Steel 190 4
6. Joining Side Steel - Steel 250 5

Table 6.1: JS Materials, JS Lengths and number of WC’s Table of the Case Study.

In subsequent steps of the JT Selection Procedure, the question of Joining Material

combinations is of critical importance.

Stages: Stage 1 Stage 2 Stage 3 Stage 4 Stage 6 Stage 6

JS Number: 1 = 2 = 3 < 4 € 5 £ 6 =

JS Length [mm]: 170 & 435 : 775 : 240 . 180 : 250 .

Number of WC's: 4 £ 9 5 6 £ 5 £ 4 £ 5 5

J$ Material: Aluriniurm - Steel S |Auminium - Auminium | S| Alu-High tensile steel | S Steel - High tensile 3 Auminiurn - Steel 3 Steel - Steel S8
No. | JTe Costs | citer | mitel | 8| cetel | Metel | S| catel | matel | S| catel | Mate] | S| cstel | mstel | B | cotel | Merel | 8

Table 6.2: Basis Source Matrix of the 6 JS’s Industrial Case Study.

In subsequent steps of the JT Selection Procedure, the question of Joining Material
combinations is of critical importance. Analysis of the joining sequences in the
wheelhouse Case Study leads to identification of five different Joining Material

combinations:

161



Cranfield University
Chapter 6: Case Study of the Cost Estimation Methodology

1) Aluminium - Steel

2) Aluminium - Aluminium

3) Aluminium - High tensile steel
4) Steel - High tensile steel

5) Steel - Steel

On the basis of the matrix of approved JT s and material combinations, authorised JT s
can be assigned their respective JS’s. Following the JT Selection Procedure the first
joining material combination 1) Aluminium-Steel serves six authorised JT’s, as

traceable from Table 6.3.

l Matrix of approved Joining Techniques and material combinations

Material Sl iniume i i i i Steel | Aluminium/
Steel! Alurninium High tensile steel! High tencile Steelf|  Aluminium/ SteelCFK | CFK/CEK

Sihefiel H'BL{:Q':S‘IE High tansile steal | Steak-Sandwich | Compasites |Composites

Joining Techn.

Spat welding
. | Spot weld-gluing
. |MIG welding
. |Tandem MIG welding
WIAG welding
WG welding
. |Laser welding (COz)
. |Laser welding (Diodes)
. |Laser welding [ YAG)
10. |Projection welding
11. |Laser brazing
12. [MAG brazing
13, |Punch-riveting
2 | 14, |Blind-riveting

15. [Clinching
16. |Flanging

ot ||| o] s ||

Warm Joining Techniques

=

Cold Joining|
Techniques

@ | 17 |Cohesiveness-gluing
=]
{5}
Legend: [ i L
in serial production technical bases are developed in development not possible

Table 6.3: Matrix of approved Joining Techniques and material combinations.

Once the remaining authorised JT’s of the four joining material combinations on the left
hand side are determined, they are listed in the Source Matrix, see Table 6.4.

When the authorised JT’s have been determined, the JT investment and manufacturing
costs for every JS can be assigned by means of available JT cost templates as specified
in Chapter 4.6.4.

After this, ascertainment of the JS Coefficient will require information on the

complexity level of every single JS.
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For this purpose the design department applies the Complexity Sheets for every JS and
appraises the JS contour with its characteristics listed in the corresponding sheet. The
appraised JSC’s are added to the Source Matrix for the respective JT authorised for the
JS analysed.

When the Source Matrix of the Industrial Case Study is filled, step two of the JT
Selection Procedure has been completed. The Source Matrix, elaborated in Table 6.4, is
used for the cost and SWC’s calculation of the conventional and optimised JTSM within
the Industrial Case Study. Required tables of the calculation steps are also listed in large

print in the appendix G of the research work.

6.2.2.1 Calculation of Costs and Standardised Working Contents by means of the

conventional Joining Technique Selection Procedure

In the course of the selection procedure of the Industrial Case Study, attention has been
given to finding a suitable example where the conventional JT Selections have already
been carried out by the company. Likewise the cost of the wheelhouse design concept
has already been calculated by the finance department. This procedure provides an
opportunity of direct comparison and appraisal of results obtained on the basis of both

the conventional and the optimised solution.

J5 number 1 2 3 4 ] 6
Allocated JT number 13 3 11 3 13 1
Allocated JT Punch riveting MIG welding Laser brazing MAG welding | Punch riveting Spot welding

Table 6.5: Conventional JT Selection solution of the Industrial Case Study.

The JT sequence (JT Solution Vector) of the conventional JT Selection solution of the
design concept contained in the Industrial Case Study is adopted from the design
department. It can be represented as a JT Solution Vector [13, 3, 11, 5, 13, 1] or as
tabular, see Table 6.5.

The JT selection is determined by Design; subsequently, the production line concept is
elaborated by Planning. Finally the cost is calculated with standard tools by Finance.
The JT combination proposed is marked in the Source Matrix of Table 6.6, the
numerical values being taken from that of Table 6.4 and multiplied by the number of

WC’s in the corresponding JS and in the JSC elaborated.
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In this manner the itemised investment and manufacturing costs per JS of the BIW
wheelhouse become ascertainable, see Table 6.7 (Appendix Table 8.1.2). These are the
single costs for the joining process of one BIW wheelhouse; if summed up, they give
the total investment and manufacturing cost of one wheelhouse. This serves the purpose
of generating a reference parameter for later comparison between the conventional and

optimal solution.

Conventional Selution 1. Joining Side 2. Joining Side 3. Joining Side 4. Joining Side 5. Joining Side 6. Joining Side Total cost per
Proposal Vector: ‘ [13,3,11,5,13,1] Punch riveting MIG welding Lager brazing MAG welding Punch riveting Spot welding wheelhouse
Manufacturing cost M per JS 0,13616 0,2088 0,22508 0,10415 0,1702 0,07108 0,91545
Investment cost c per JS 0,03198 0,07706 0,15983 0,0397 0,03997 0,03319 0,3817

Table 6.7: Solution table for manufacturing and investment cost of the conventional JT allocation.

In the following step the number of SWC'’s is ascertained by means of the SWCC. This
number, once obtained, serves in the same way as a reference parameter for subsequent
comparison of the conventional and optimal estimation of the BIW design concept.
Table 6.8 (Appendix Table 8.1.2) contains the relevant data for the calculation of the

total number of SWC’s by application of the conventional JTSM.

JS number il 2 3 4 5 6

Ascertained JT Combination Punch riveting MIG welding Laser brazing MAG welding Punch riveting Spot welding

JS Material Combination Al - Steel | Aluminium-Aluminium | Aluminium-High tensile steel | Steel High tensile steel Aluminium-Steel Steel-Steel Tatabiailior
Number of WC's 4 ° [ 5 4 5 of SWC's

SWCC 2,52002 1,52338 3,07674 1,72482 2,52002 .
JSC 1,00 1,25 125 1,00 1,25 1525
Number of SWC's 10,08008 17,138025 23,07555 8,6241 12,6001 6,25 77

Table 6.8: Solution table for total number of SWC’s of the conventional JT allocation.

For this purpose the number of WC’s of one JS is multiplied by the corresponding
SWCC that follows from the JT and material combination as specified in section 4.6.1.
Finally the previous calculated values are multiplied with the appropriate JSC from the
Source matrix. The tables for the calculation procedure are presented in larger scale in
Appendix 8.1.

Through this procedure the number of SWC’s for one JS has been determined. The
subsequent summing up of the itemised SWC’s of every JS will then yield the total
number of SWC’s for the BIW wheelhouse design concept of the Industrial Case Study.

Consequently the pertinent economical and technical data of the BIW design concept
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have been identified for subsequent comparison of the conventional and optimised

results obtained.
6.2.2.2 Calculation of Costs and SWC’s by means of optimal JT Allocation

The process by which investment costs, manufacturing costs and the number of SWC’s
are calculated must begin with a determination of the optimal JT combination for the
BIW design concept selected to meet the boundary constraints. Once the optimal JT
combination has been obtained from the DP area by means of the CBP procedure,
optimal investment and manufacturing costs can be calculated. Similarly, when the JT
Solution Vector has been determined, the total number of SWC’s can be calculated. It
represents an ideal reference value for comparison of competing design concepts.
Before the JTSM can be carried out, the boundaries must be identified. This involves
processing generally valid data taken from the automotive industry.

In the Industrial Case Study it is assumed that the BIW wheelhouse is designed for a
medium-sized vehicle of which 200,000 units per year will be manufactured. The
average production cycle of a given car is around seven years. For the construction of
the body shell line an approved investment budget with a maximum of 560,000 EUR is
provided by the finance department. The outcome of these generally valid data shows

the following constraint for the limited investment budget C per unit:

approved investment budget

C:=
number of BIW units per year X years of production 6.1)
= 560’009 EUR = 0,40 EUR per unit
200,000 units X 7 years ~=—————

Once the boundary for the limited investment budget C is determined, the DP
computing of the JTSM is elaborated. For this purpose the Industrial Case Study is

computed by application of the DP forward procedure.
minimise
MK, , ...k ) =M, (k,)+..+ M, (k,) (6.2)

so that
C:=c;+...+¢c£ <040 EUR (6.3)
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with the recursive equations:

fi(x):= min  {M, (k) } (5.13)
for all
feasiblekj

f,(x;) = min {Mj (kj)+fj_1(xj_1)} with:  j=23,...,6 (5.14)

forall
feasible k i

In the following, all values within the JTSM computation steps are increased by the
factor 100 in order to simplify calculations for 100 BIW units. This is due to the fact
that the calculation is carried out by hand. Once the DP computing has been effected,
the JTSM is continued with the singular value consideration of one BIW unit.

Likewise in the previous conventional JT Selection Procedure the values within the
Source Matrix have been multiplied by the corresponding WC’s of the respective JS and
the elaborated JSC. The resultant Source Matrix is represented in Table 6.9.

The values of the source matrix are taken as a basis for the DP computation according to
the Capital Budgeting procedure. The identified six JS’s of the BIW wheelhouse require
six stages within the computation algorithm.

In the following description of the computation procedure the only stages indicated are
the first two and the last, these being quite sufficient. The complete procedure is given

in Appendix 8.2.
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Starting with stage 1 the authorised JT’s ( ki=11, k=13, k;=14, k=15, k;=16, k;=17 )
for JS1 with the corresponding manufacturing cost are listed. In compliance with the
preassigned constraint that the investment budget C of 100 BIW wheelhouse units not
exceed the amount of x; <40 EUR, the optimal value for the stage 1 manufacturing cost
is computed. By application of recursive equation (5.13) the optimal solution for stage

1 is appraised and the proposal vector for the proposal JT [15] is determined as

indicated in Table 6.10.

fi(x;) = min {M,;(15)} = 10,56 EUR (6.4)
State 1 Manufacturing cost for feasible proposal : M, (k) Optimal solution
ae |B=1|l=2k=3|k=4ls=5k=6]ki=7 k=8 [lu=9|k =10|li=11 [k, =12 |k =13 |k = 14k = 15 |}y = 16 |ky =17 | ExGs) P;U‘EEZ": P{jiifj:l
5 - 13,61 - 1058 - - |1036 15 [15]
10 11,60 13,61 | 17,57 | 10,56 | 12,36 | 14,57 | 10,56 15 [15]
15 11,60 13,61 | 17,57 | 10,56 | 12,36 | 1457 | 10,56 15 [15]
20 11,60 13,61 | 17,57 | 10,56 | 12,36 | 14,57 | 10,56 15 [15]
25 11,60 13,61 | 17,57 | 10,56 | 12,36 | 1457 | 10,56 15 [15]
30 11,60 13,61 | 17,57 | 10,56 | 12,36 | 14,57 | 10,56 15 [15]
35 11,60 13,61 | 17,57 | 10,56 | 12,36 | 14,57 | 10,56 15 [15]
40 11,60 13,61 | 17,57 | 10,56 | 12,36 | 14,57 | 10,56 15 [15]

Table 6.10: Statel of the DP computation by means of the Capital Budgeting Problem.

When stage 1 is completed, the algorithm of the CBP jumps to stage 2. Here again only
authorised JT’s (ky’s) for JS2 are accepted for the computation process. By the means of
the recursive equation (5.14) of the CBP algorithm the minimum of the sum {Ma(k;) +

f1(x1)} is computed.

f2(x2) =min {Ma(ky) + f1(x1)} (6.5)
=15,63 EUR + 10,56 EUR = 26,19 EUR

withk,=1,3,4,5,6,7,8,9, 13, 14, 15,16, 17

My(ky): Manufacturing cost of JS2 under proposal k;
f1(x1): Optimal manufacturing cost of JS1
fr(x0) : Sum of optimal manufacturing cost for JS1 and JS2
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Table 6.13: State 6 with the optimal JT Proposal Vector of the Case Study.
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The computed value f(x,) = 26,19 EUR is the sum of the optimal manufacturing cost of
JS1 and JS2 for stage 2. The appropriate JT's are constituted in form of a proposal
vector [15, 5], which determined JT number 15 (Clinching) for JS1 and JT number 5
(MAG welding) for JS2 as the optimal solution in compliance with the established
boundaries. Steps of calculation and the proposal vector are precisely elaborated in
Table 6.11.

The Capital Budgeting algorithm will be continued later on by application of recursive
equation (5.14), and is completed if stage 6 is computed. The final result fs(xg) of the
DP computing procedure can be gathered from Table 6.14.

Likewise the optimal JT Solution Vector [15, 5, 17, 3, 11, 1] can be automatically

ascertained from the stage 6 table. It is separately given below in Table 6.15.

J5 number 1 2 3 4 53 &

JT Solution Vector 15 ] 17 3 11 1

Optimal allocated JT's Clinching MAG welding Cohesiveness gluing MG welding Laser brazing Bpot welding

Table 6.15: Joining Technique Solution Vector.

Once the optimal JT combination is computed by the CBP algorithm, the procedure for
the manufacturing and investment cost calculation can be carried out. For that purpose
the Solution Vector is assigned to the Source Matrix, as illustrated in Table 6.14.

In the following the several marked manufacturing and investment costs of the optimal
JT combination must be summed up. This process is accomplished in the Solution Table
6.16, which calculates the total manufacturing and investment cost per BIW

wheelhouse.

Permissible solution for C < 40

1. Joining Side

2. Joining Side

3. Joining Side

4. Joining Side

S. Joining Side

6. Joining Side

Total cost per

Proposal vector: ‘ [15,5,17,3,11,1]

Clinching

MAG welding

Cohesiveness gluing

MIG welding

Lagser brazing

Spot welding

wheelhouse

Manufacturing cost M per JS

0,10561

0,15633

0,21873

0,09856

0,116

0,0710625

0,7661

Investment cost ¢ per JS

0,03859

0,061128

0,0888375

0,03325

0,083

0,0331875

0,3377

Table 6.16: Solution table for investment and optimal manufacturing cost of the Case Study.

In a final step the total number of SWC’s is determined. This parameter reflects the
economical and technical effort and is consequently an appropriate means for the
juxtaposition of equivalent BIW design concepts. Detailed steps of the SWC’s

calculation have already been described at the end of the previous conventional JT
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Selection Procedure. The results of the calculation of the total number of SWC'’s for the
optimal JT combination of the Industrial Case Study are displayed in the following

Solution Table 6.17.

JS number 1 2 3 4 5 6

Ascertained JT Combination Clinching MAG welding Cohesiveness gluing MIG welding Laser brazing Spot welding

JS Material Combination
Number of WC 4 9 6 5 4 5
SWCC

JSC

Number of SWC's

Aluminium - Steel Aluminium-Aluminium | Aluminium-High tensile steel | Steel-High tensile steel Aluminium-Steel Steel-Steel Total number

of SWC's

1,72896 1,44856 245857 1,581 2,98261 1

1,25 1,00 1,25 1,00 1,00 1,25

86448 13,03704 18439275 7,905 11,93044 625 66,21

Table 6.17: Solution table for total number of SWC’s of the optimal JT allocation.

The findings and results of the DP computation procedure of the Industrial Case Study

are analysed and discussed in the following sections.
6.2.3 Analysis and Discussion of the Results of the Calculation

In the industrial Case Study “BIW wheelhouse with five sheet components, five
material combinations and six JS’s” calculation of cost and SWC’s made in both the
conventional and the optimisation way have led to results that are now available.
Comparison of the financial figures shows that the optimisation solution effects a
definite cost reduction of approximately 15%.

This theory can be extended to manufacturing as well as to that of investment. If it is
applied to the design concept of the whole car body, with a volume of investment cost
for a common body shell line of about 100-150 million Euros, it would effect an

enormous cost reduction. This result, as already mentioned, is based on generally valid

data taken from the automotive industry and from statements made by Finance.

Paramter | Manufacturing Investment Total cost [€] Total numhber
JT allocation cost [€] per unit | cost [€] per unit per BTW unit of SWC's
Conventional 0,9155 0,3817 1,2972 7777
Optimisation 0,7661 0,3377 1,1038 66,21

Table 6.18: Solution Table with final results of the Industrial Case Study.

Analysis shows that investment costs amount to about one-third of the total,
manufacturing costs accounting for the other two-thirds. This percentage is a rule of
thumb that has already been applied in the finance department for making a quick and

rough cost estimate for a new BIW design concept. This general cost estimation rule
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validates the proportion and appropriateness of the JT cost templates developed and the
cost estimation methodology with its calculated results.

Juxtaposition of the total number of SWC’s arrived at by the JT selection procedure
based on the conventional method with the total number arrived at by the optimisation
method yields the same 15% variance. This correlation is dispositional in the sense that
the SWC’s and also the manufacturing and investment costs are originally derived from
the cycle time. The proportionality between the SWC’s and costs is an enormous benefit
of the application of WC’s in the design departments. The designer can evaluate
equivalent design concepts by means of the number of SWC’s. A detailed description of

the validation is explicated in the following section.

6.3 Validation of the Cost Estimating Methodology

Development of the optimal JT Selection Procedure in Chapter 5 has led to some
primary results, of which the Industrial Case Study is largely an expansion. These
consolidated findings corroborate that the JTSM is functional and practicable for design
departments concerned with BIW in the automotive industry. As a result of the JTSM,
compliance with the steps prescribed in the methodology is an absolute requirement if
proper results are to be obtained. These steps have been elaborated and validated in
collaboration with Design, Planning and Finance.

The research methodology was applied and tested by the researcher in the previous
Industrial Case Study and is now to be evaluated against certain criteria. Hence, the
highly scrutinised technical and economical contents of the main steps and their sub
steps are validated by the improved results they lead to. Assumed boundaries are
verified and new boundaries are acquired as a consequence of the improved procedures.
In the same way assumed and new opportunities are verified. Finally, the evaluation of

the total research validity is deduced by means of internal and external validation.
6.3.1 Applicability of the Research Methodology

The calculation and results of the methodology having been assessed as a
comprehensive achievement by the design, planning and finance departments, the

methodology itself is now to be evaluated by the criteria of feasibility, usefulness, and
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usability. All criteria are evaluated and validated by means of a second questionnaire

with experts, see Appendix 10.
6.3.1.1 Feasibility

e The JTSM was successfully applied in the design, planning and finance
departments with the researcher intervening to facilitate application of the
methodology, see section 6.2.2.

e The questionnaire, accomplished in the above mentioned departments give the
feasibility level of the JTSM for a new BIW design concept in middle to a 85%
rating, see Appendix 10, question 6.

e The breakdown by departments of feasibility rating shown by the questionnaire

is as follows, see Appendix 10, question 6.

o Design department: 88.7%
o Planning department: 85.4%
o Finance department: 76.2%

6.3.1.2 Usefulness

e The methodology was considered useful for further calculations of BIW design
concepts. Through the use of the methodology, the calculations identified an
optimal solution and improved the conventional JT selection process, see section
6.2.2.

e Analysis of the questionnaire shows that the design, planning and finance
departments give the usefulness a rating up to 90%, Appendix 10, question 7.

e The breakdown by departments of the usefulness rating shown by the

questionnaire is as follows, see Appendix, question 7.

o  Design department: 85.6%
o  Planning department: 90.3%
o  Finance department: 74.5%

6.3.1.3 User-Friendliness

e The participants who had used the methodology argued that the quantity and

complexity of the data and tabulations were difficult to handle.
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The questionnaire shows that Design, Planning and Finance give the user-
friendliness of the JTSM a rating up to 76%, see Appendix 10, question 8.
The breakdown by departments of the user-friendliness rating shown by the

questionnaire is as follows, see Appendix 10, question 8.

o  Design department: 76.3%
o  Planning department: 71.4%
o  Finance department: 65.7%

The quantity and complexity of the data can be managed by a customised software tool.

6.3.2 Boundaries and Opportunities of the Calculation Process

6.3.2.1 Boundaries and Opportunities of the JTSM concerning the Calculation Process

Boundaries:

The required cost data and cycle times used are based on generally valid data
from the automotive industry, for example, that production of a series covers a
range of seven years. Approximate 200,000 BIW units are manufactured per
year in two shifts per day. Each shift takes 465 minutes and the man-year has
244 days. Analysed JTSP’s have to be located within this range if proper
absolute results for costs are to be achieved. If the JTSP is out of range, then the
JT cost templates have to be adapted, a measure that demands additional labour
time. A customised software tool can easily govern and quickly adapt the JT

cost templates.

Opportunities:

No constraints are placed on the number of JT’s and JS’s that may be demanded
by the optimising JT Selection procedure. Hence, design concepts with a small
or great number of sheet components can be calculated with the developed
JTSM. This means that regardless of the direction in which the future trend of
the BIW development process should go, the JTSM can be applied.

Application of new materials and JT’s, already specified in section 4.6.2, is no
restriction for the accomplishment of the JTSM. It is simply a question of

keeping the matrix of approved JT s and material combinations aligned.
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An update of investment and manufacturing cost within the JT cost templates
can be conducted by the finance department without great effort. Hence the
monetary values of the JTSM are always kept up to date with the result that
results calculated and the strength of argumentation continue to enjoy a high
degree of acceptance.

The calculation of design concepts with conventionally determined JT’s can be
accomplished at any time and used for comparison with the optimising JT
Selection Solution. This fact provides the designer with a broad scope of
development within which to compute his favourite JT combination. JT’s are
determined both conventionally and by the optimising method. This means that
the designer allocates particular JT’s to defined JS’s and determines the
remaining JT’s by means of the JTSM.

The application area of the methodology can be expanded into the area of
maintenance, energy and running cost or can find the optimum in terms of

reliability of the JT’s.

6.3.2.2 Boundaries and Opportunities of the SWC’s concerning the Calculation

Process

Boundaries:

SWC’s are based similarly on generally valid data as already explained in the
previous section. If these data are varied, the SWC table must be adapted. Again,

as before, it can be solved by application of a customised software tool.

Opportunities:

All preassigned opportunities of the JTSM are also appropriate for the
calculation of SWC’s.

If the designer ascertains the total number of SWC’s of several equivalent
design concepts, the designer can calculate subsequently the percentage

difference of these concepts, as indicated in Figure 6.2.
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Figure 6.2: Example of percentage difference between Design Concepts.

Because of the proportionality between the SWC’s and costs described at the end of
section 6.2.3, the designer has simultaneously calculated the percentage difference of
investment, manufacturing and total cost of the itemised design concepts. This is
depicted by the example illustrated by the Figure 6.2. If the percentage difference
between design concept one and three is 23.23%, then the relative costs percentage
between the design concepts are equal.

The great advantage arising from application of the SWC'’s is that it provides the design
department with an opportunity to compare design concepts with each other without

having to calculate the cost of both manufacturing and investment every time.
6.3.3 Evaluation of the Total Research Validity

Once development of the research methodology is complete and the Industrial Case
Study has provided pertinent results for validation and improvement, it is essential to
balance the validity of the total research process. In order to permit a sufficient degree
of validation, the question of research validity is broken down into internal and external
validity. For this purpose internal validation is that effected within the sponsoring
organisation, and external validation is that effected by participation of four conferences

and one panel discussion.
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6.3.3.1 Internal Validation

The internal validation of the research methodology sub-divides into the following three
cases.
1. Accomplishment of the research methodology in the Centre of Competence
(CoC) of the BIW design and planning department, see section 6.2.2.
2. Lectures on the research methodology before BIW experts with presentation and
subsequent questionnaire, see Appendix 9.
3. Face-to-face interviews with BIW experts with presentation and subsequent

questionnaire, see Appendix 9 and Appendix 10.

Once the Industrial Case Study was completed, further examples of BIW design
concepts were calculated by the methodology in the BIW design department. The
results obtained emphasise the validity of the research methodology.

For the requirement of area-wide internal validation a presentation of the research
methodology with outcomes and benefits was elaborated and given before BIW expert
groups, Appendix 10. For this purpose different BMW plants involved in BIW planning
and production were visited. Within this lecturing process there were discussions about
the feasibility, usefulness and usability of the research methodology.

Subsequently experts were asked to fill out a detailed questionnaire, Appendix 10, and
sent it back by inter-office mail. Additionally face-to-face interviews with experts were
held, these too involving presentations and questionnaires.

Results of the questionnaires provided an evaluation of previously mentioned research
aspects. The presentation and questionnaire are attached to Appendices 9 and 10.

The total internal validity of the research methodology seemed high. The main
arguments for this assertion are 1) the number of lectures and interviews, and 2) the
quality of the resulting discussions. The frequent exchange of opinions with experts

lends substance to the assertion.
6.3.3.2 External Validation

The external validity achieved in this research project is not as high as theoretically
possible. The main reason for this is to be seen in the commitment of secrecy. Because

of the data confidentiality, the sponsoring company could permit only restricted co-
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operation with competing automotive companies. Considerations of time and money
precluded co-operation with companies involved in forms of production comparable to
that of BIW, like shipbuilding, aircraft and railway construction. In the area of external
validation the researcher participated in four conferences and one panel discussion.
Each such event led to a publication containing the presentations and accompanying
discussions on the research methodology. By means of these scholarly discussions held
in public, the exchange of ideas with experts was seen to be an effective approach to
evaluation of the research methodology. This outcome is taken to justify the assumption

that the total external validity of the research methodology is high.

6.4 Summary

In the previous chapter calculations in an Industrial Case Study taken from the Body-in-
White area of an automotive company were carried out by means of the cost estimation
methodology. For this purpose the reader is introduced to a significant Industrial Case
Study of a Body-in-White wheelhouse design with its material combinations and joining
cycle. The design concept is the basis for the following conventional and optimising
Joining Technique selection and computation process. First of all, the calculation of cost
and of standardised Working Contents is conducted by means of the conventional
Joining Technique selection procedure; the results thus obtained prove suitable for
subsequent comparison with those obtained by means of the optimising Joining
Technique selection procedure. For this purpose recourse is had to the Capital
Budgeting Problem taken from the area of Dynamic Programming. Subsequently, after
analysis and discussion of the results obtained in terms of cost and of standardised
Working Contents, the validity of the Research Methodology is demonstrated. The
research methodology was evaluated against the criteria of feasibility, usefulness and
user-friendliness. Accordingly, while assumed and acquired boundaries and
opportunities of the Joining Technique selection methodology and standardised
Working Contents calculation are verified. Finally, the evaluation of the Total Research

validity was achieved by means of internal and external validation.
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7 Discussion, Conclusions and further Research

This chapter discusses the findings of the research and its technical and economic value
to the automotive industry. Additionally the contribution to knowledge and the main
conclusions of the research are outlined. Subsequently, the limitations of the method are
pointed out. Finally this chapter and the thesis end with suggestions for further research
opportunities.

The overriding reason or purpose for this research was to provide manufacturing cost
estimation to Body-in-White designers that will enable them to make informed Body-in-
White design choices in the preliminary work phase. This research developed a cost
based methodology for optimal Body-in-White Joining Technology selection in the
Early Phase of the automotive Product Development Process. This new methodology
makes it possible for the Body-in-White designer to estimate manufacturing cost and to

compare different new design concepts systematically.

7.1 Discussion

The major driver for the research project was the fact that the automotive Body-in-
White designer does not have a method enabling him to estimate and compare the
manufacturing costs of different new Body-in-White design options in the preliminary
work phase of product development. This was the problem that gave rise to the research.
The first step was to formulate a research aim, from which a working hypothesis and
research objectives were derived as shown in section 1.3. These provided the essential
guidelines of the research. The literature review in Chapter 2 investigates the
importance of cost management in the automotive design process, showing that early
cost estimation 1is critical to the success of any company and that significant cost
savings can result from the prevention of later changes in product design as shown in
section 2.2 and Figure 2.1. It becomes clear that the greatest knowledge gap is located in
the detail design and development phase, see section 2.2.1. This is the domain of the
BIW designer. This context brings out the need for an early cost estimation
methodology that supports early decision making by the BIW designer.

The analysis of a generic vehicle Product Development Process in section 2.3.1 leads to

the result that the BIW development stage is incorporated into the preliminary work
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phase of the PDP, which includes the initial phase, the concept phase and the
preparation phase, see Figure 2.3. On this basis the point at which BIW cost estimation
becomes possible was identified, and the methodology was developed accordingly. The
literature review revealed likewise the overall business drivers of the research project,
see section 2.3.2, namely that customer demand for more fuel-efficient vehicles makes a
reduction of car body weight necessary. Hence the use of light-weight materials and the
selection of cost efficient Joining Technologies are unavoidable.

In section 2.3.3 a review and analysis of major Joining Techniques with their process
description and application in automotive production are described. It became clear that
choosing a cost effective Joining Technique is of critical importance. Furthermore it
became apparent that there is a link between Joining Techniques and Working Contents,
see section 2.3.2, which, being useful for the comparison of different Body-in-White
design concepts, is integrated into the later process of research methodology
development in Chapter 5.

As the literature review given in section 2.3.2 shows, new technological developments
for car weight reduction led to an increase in manufacturing cost for which, at present,
sufficient information is not available. Hence the BIW engineer has no methodology
enabling him to make an effective cost comparison of various design concepts in the
Early Phase of development. In addition to the overall business drivers, there is constant
pressure to shorten product development time, forcing the designer to make quick and
significant decisions concerning his BIW design concept in terms of cost and technical
characteristics. BIW development belongs to the core competence of every automotive
OEM. Due to the fact that the car body makes up the largest part of the vehicle in terms
of mass, it accounts for a large part of product cost. Hence the contribution of the BIW
to total car cost is enormous, see section 2.3.2, and is the main reason for the necessity
of a cost estimation methodology for BIW development. In this connection
collaboration between the design, planning and finance departments is of critical
importance for early cost estimation. This is confirmed by the literature review, section
2.4.3, questionnaire one, section 4.3.3.2 (question 8) and interviews section 4.4.2.1
(question 1.c). Quick data exchange between these departments will reduce

development time for the BIW design concept and therewith development cost. In
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section 2.4, interactions between Design, Planning and Finance involved in the Body-
in-White engineering process were analysed and described as an information feedback
loop. This loop shows how much development time is consumed by these departments
in appraising new BIW concepts in terms of cost. By means of the concept of Working
Contents the time required for information exchange was shortened, and the amount of
cost information on Joining Techniques made available to the design department was
increased, see Figure 2.5. Working contents contain both technical and financial
information pertinent to new BIW design concepts, enabling both engineers and cost
experts to communicate with ease and speed. As a result, cooperation between
departments involved in the BIW design process was substantially intensified.

Further investigations of the literature pertinent to the area of cost effective designing in
sections 2.5 and 2.6 identify already available cost estimation and calculation systems.
Because of the fact that the BIW cost estimating methodology should be used in the
Early Phase of the PDP, only qualitative methods of cost estimating can be adopted, see
Figure 2.12. The consideration of state-of-the-art cost estimating techniques, see section
2.6, shows, therefore, that there is no “off-the-shelf” solution available for the BIW cost
estimating problem. It was apparent that Activity Based Costing, Resource Based
Costing and Neural Networks cannot be used during the earlier product phases of the
PDP. Furthermore Neural Networks cannot easily cope with innovative developments,
which in the case of BIW design are central. Parametric cost estimating methods are
sometimes too simplistic to forecast cost and could provide a completely misleading
result. An empirical scaling method based on historical data for a family of closely
related products made of the same materials is a domain too narrow and restrictive to be
applicable to BIW cost estimating. The case based reasoning method, which
presupposes the similarity of products, is also not appropriate for BIW cost estimating,
see section 2.6. The finding was that extracts of the relative cost method can be utilised
to assist as a basic approach for methodology development. This method of cost
effective designing is qualitative and can be applied at the beginning of the concept
phase of the Product Development Process.

By means of the evaluation of the research strategy in Chapter 3, feasible types of

research methodologies were scrutinised, see section 3.3.3. After the consideration of

186



7
>
-
\

¢ | 9 Chapter 7: Discussion, Conclusions and further Research

Yy

Cranfield University

the field of research, it became apparent that survey research was the technique most
appropriate for data gathering in this research project. Additionally, case study research
was chosen for the later application and evaluation of the methodology developed.
Subsequently, the data collection methods were introduced in section 3.4.1. Interviews,
questionnaires and analysis of documents were identified as the most relevant data
collection techniques and were applied in the overall research process.

Once the lack of a BIW cost estimating methodology in the Early Phase of PDP, and the
need for one, had been ascertained in Chapter 2 and the proper research methodology
had been determined in Chapter 3, an industrial survey was carried out in Chapter 4.
The objective of this survey was data gathering for the later development of the BIW
cost estimating methodology. The need for it was ascertained by means of the first
questionnaire, see section 4.3. Simultaneously interviews, see section 4.4, were carried
out to gain technical and economic data, which were utilised for the development of
tables, templates and matrices in section 4.6. Internal documents and literature were
subjected to analysis for the same purpose, see section 4.5. Subsequently a precise
definition for the use and calculation of Working Contents was developed in section
4.6.1. On this basis a Standardised Working Content coefficient was developed, see
section 4.6.1.1. It offers the possibility of calculating the total number of standardised
Working Contents for a Body-in-White design concept and provides the design
department for the first time with an opportunity to make a comparison of various
design concepts. With the information and data from interviews and the simultaneous
analysis of internal documents and literature on one hand and close collaboration with
experts from Planning on the other, a matrix of approved Joining Techniques and
material combinations was developed by the researcher, see section 4.6.2. This matrix
contains the necessary information on material combinations and Joining Techniques
approved for the Body-in-White joining process. It gives the BIW designer the chance
to select the right Joining Technique for his BIW material combination. In the course of
over half a year Complexity Sheets were elaborated by the researcher with experts from
the planning and manufacturing departments, see section 4.6.3. These sheets reveal the
interrelationship between the part contour of a joining part and the cycle time for the

joining process. To compensate for cycle time variation, which affects the joining cost -
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and hence cost estimating - a Joining Side Coefficient was developed by the researcher.
Subsequently, in section 4.6.4, Joining Technique Cost Templates were elaborated by
the researcher in close cooperation with the planning, finance and manufacturing
department of the sponsoring company. Within this time consuming process all data for
the calculation of the investment and manufacturing cost of every single Joining
Technique were collected, analysed and allocated to the various templates, see
Appendix 7. These newly developed Joining Technique Cost Templates enable
members of the design, planning and finance departments to estimate the total
investment and manufacturing cost per operational unit for each separate Joining
Technique.

In Figure 4.4 a simplified Body-in-White design concept model was developed. It
showed the interrelationship between Joining Parts and Joining Sides and ascertained
the number of Joining Technique combinations. This interrelationship is required for the
later development of the BIW cost estimating method. Subsequent investigations in this
area identify the exponential increase in the number of possible Joining Technique
combinations for every BIW design concept, see section 4.6.5. This newly discovered
basic fact revealed the demand for the finding and application of an optimisation
technique capable of locating out of the enormous number of Joining Technique
combinations possible, the one with greatest cost efficiency, see section 5.3.

Since all the elements required for the development of the cost estimating methodology
— table, sheets, matrices and templates - have now been worked out and brought
together, the following Chapter 5 goes into the development of the methodology itself.
As a first elementary step a cost model defining a basic modelling process is presented
as a basis for development of the cost estimation model, see section 5.2.1 and Figure
5.1. In accordance with this process the central problem of selecting the appropriate
Joining Technique is described in detail and formulated as a generic model, see section
5.2.3. Subsequently a corresponding algorithm, see Figure 5.2 and Figure 5.3, for
allocation of Joining Technique to Joining Sides is elaborated. This algorithm shows
how to find the most cost efficient Joining Technique for every Joining Side and
provides a basis for identifying an appropriate allocation model taken from the area of

Operations Research. In this context a Joining Technique - Joining Side matrix, see
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Table 5.1, also called source matrix, which bundles the essential technical and financial
data of one Body-in-White design concept into one central matrix, was developed by the
researcher. This representation of all essential data into a matrix provides a foundation
for the process of selecting the most cost efficient Joining Technique. The next step is to
locate a suitable optimisation model in the area of Operations Research. Of all OR
models analysed, see section 5.3, those best suited to the present research problem,
which concerns methodology, are the prescriptive models, which actually select a
policy. Of these the algorithmic ones (optimisation model) offer mathematical proof
that they will work for a certain range of cases. Furthermore the problem of Joining
Technique Selection is deterministic; based on a state of certainty, there can be no
variability in the model’s parameter, which therefore takes only a single value. For this
reason the research problem belongs to the category of deterministic, algorithm models,
see Figure 5.5. Within the deterministic category, Linear Programming with the
Transportation Problem can be applied to the Joining Technique selection problem, see
section 5.5.2. The objective of the aligned Transportation Problem was to optimise the
Joining Technique selection in such a way as to minimise the total cost of
manufacturing. However, while application of this algorithm turned out to be cost-
saving, it was not cost-optimal, see section 5.5.2.2. Consequently, the research was
further expanded in the area of Dynamic Programming, and here the Capital Budgeting
Procedure was found most appropriate for the optimal Joining Technique selection
problem, see section 5.6.3. The Capital Budgeting Procedure involves an allocation
problem that can deal with the magnitude of possible Joining Technique combinations.
Application of the Capital Budgeting Procedure to a first Joining Technique selection
problem yielded proper optimal solutions, see Table 5.13 and Table 5.14. The complete
cost estimating model is shown in section 5.8. This model comprises all pertinent
information and results of the previous research. It is divided into three steps, all
pertaining to data: analysing (Figure 5.9), gathering (Figure 5.10) and computing
(Figure 5.11). Therewith the method provides a systematic approach to the estimating of
the manufacturing cost of new BIW design concepts. Additionally the method provides
the total number of standardised Working Contents of the design concept under

scrutiny, so that the BIW designer can also make comparisons of different BIW design
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concepts. With this the aim of the research project with its hypothesis and objectives is
accomplished because the new method provides the BIW designer with the option of
selecting the most cost efficient Joining Technique combination and hence of
comparing different new design concepts more systematically and more reliably in the
Early Phase of the Product Development Process, see section 1.3.

For the evaluation of the new method with its results an industrial case study pertaining
to a Body-in-White design concept was carried out in Chapter 6. For a subsequent
comparison of results obtained the case study was carried out in two ways: first by
means of the conventional calculation as shown in section 6.2.2.1, and second with the
optimisation methodology in section 6.2.2.2. Analysis of the results achieved showed
that the new cost estimation methodology substantially reduces the manufacturing cost
of a given Body-in-White design concept. In the present case, as indicated in section
6.2.3, a definite cost reduction of approximately 15% was achieved. These results have
been elaborated and validated in collaboration with the design, planning and finance
office of the sponsoring company. In the final phase a validation of the overall research
method was conducted by means of a questionnaire, see Appendix 10 and section 6.3. It
confirmed the applicability of the estimation methodology in terms of feasibility,
usefulness and user friendliness. Similarly, boundaries and opportunities of the
calculation process were summarised and discussed, see section 6.3.2. On the basis of
both internal validation, i.e. validation based on information internal to the sponsoring
company, and external validation, i.e. validation based on information from competing
companies, see section 6.3.3, it may be claimed that the overall research validity is high.
But for restrictions on accessibility to the manufacturing data of competing companies,
the external validation, might even have been higher. To compensate for these
restrictions the researcher participated in four conferences and one panel discussion, see
Appendix 1. Each such event, based on a publication containing a presentation of the
research methodology, led to discussions confirming its validity. This outcome leads to

the assumption that the total external validity of the research methodology is high.
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7.2 Contributions to Knowledge

The contribution to knowledge is twofold: first of all there is an overall cost estimation
methodology permitting comparison of various Body-in-White design concepts, see
section 4.6.1.1, section 5.6.3 and section 5.8; the second, on the basis of which the first
is developed, is a procedure for identifying the optimal Joining Technique combination
in terms of manufacturing cost for each design considered, see section 5.6.3.1, Table

5.14, section 5.8 and section 6.2.2.2.
7.2.1 Primary Contribution

It has been shown that systematically manufacturing cost estimation of Body-in-White
design concepts is possible in the Early Phase of the Product Development Process, see
section 5.8 and section 6.2.2. This early cost estimation enables the Body-in-White
designer to compare various new design concepts in terms of Standardised Working
Contents and manufacturing cost, see section 6.2.3 and Figure 6.2. In this wise the cost
assessment currently done by Finance in conjunction with Planning will be largely
anticipated and expedited. The choice of a new BIW design concept will be
accomplished in less time and with greater reliability, and will be attended with a

significant savings in cost.
7.2.2 Secondary Contribution

A generic cost based Joining Technique selection procedure is developed with focus on
the specific needs of the Body-in-White design engineers, see section 5.6.3 and section
5.8. This procedure can identify the optimal combination of Joining Techniques for a
given Body-in-White design by means of computational techniques taken from
Operations Research. This procedure is based on the concept of the standardised
Working Content, see section 4.6.1.1, which serves as unit of measure. This arithmetical
unit is an arbitrarily selected natural Joining Technique of which all others can be
expressed as multiples. The concept of the Working Content, see section 4.6.1, 1.)
provides the designer with a method for ascertaining systematically the relative costs of
various design concepts, see section 5.8; 2.) facilitates early data exchange between the
design, planning and finance departments, see section 2.4; and 3.) makes the choice of a

new design concept economical, see section 6.2.3 and Figure 6.2. The Body-in-White

191



7
>
-
\

¢ | 9 Chapter 7: Discussion, Conclusions and further Research

Yy

Cranfield University

design with the lowest number of standardised Work Contents is automatically a

benchmark on which further developments can be oriented.

These outcomes will support design, planning and finance activities. Due to the fact that
with this methodology early cost estimation and relevant data exchange are
systematically possible, Planning and Finance can start their activities in the preliminary
work phase, see section 2.3.2, section 2.4.1 to section 2.4.3. Hence, the reliability of the
results can be increased since a larger time window is available for the following
processes in the PDP. Discussions with BIW engineers conducted on the basis of
Working Contents are more transparent. Furthermore Finance obtains “bite-sized” data

from the early cost estimation already carried out by Design.

7.3 Conclusions

Section 1.3 defined the research aim, hypothesis and objectives. In order to measure the
degree to which these objectives have been met, it will be necessary to compare them
with the conclusions. So this section considers the stated research aim, hypothesis and

objectives in terms of whether or not they are satisfied at the end of the research project.
7.3.1 Research Aim

The aim of this research is:

To develop a methodology that will enable Body-in-White designers (or managers) to
compare the manufacturing costs of different new design concepts more systematically.
This aim has been achieved. An entire cost estimating method focussed on the specific
needs of the Body-in-White design engineers and involving all pertinent information
and results obtained by the methodology research work has been developed, see section
5.8, and validated in the industrial case study, see chapter 6. This model makes it
possible for the user group to estimate accurately the manufacturing costs for different
new design concepts, see section 6.2.2. The subsequent comparison of these different
design concepts could be carried out on the basis of cost or of standardised Working

Contents, see section 6.2.3 and Figure 6.2.
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7.3.2 Research Hypothesis

The research hypothesis of this research is:

The research will proceed on the assumption is that it is possible to develop a
methodology for estimating the relative manufacturing costs of different Body-in-White
design concepts on the basis of information contained in the specification data of the
new design concepts.

The assumption of the Research Hypothesis has been justified. From the design
specification and the component drawings the following can be gathered: 1.) the
combination of material components, see section 4.6.2; 2.) the level of their complexity,
see section 4.6.3; and 3.) the number of Joining Sides and their length, see Figure 4.4
and section 6.2.2, 2.). These data are the most essential input for the methodology
developed. These essential data are worked out in sections 4.6 and their application in

sections 5.8 and section 6.2.2.
7.3.3 Research Objectives

The goal of this study was defined in the Research Objectives as follows:

The primary objective is to develop a procedure for identifying the optimal combination
of Joining Techniques for a Body-in-White design concept.

A generic Joining Technique selection procedure has been designed on the basis of
Dynamic Programming, which is taken from the area of Operations Research and is
focussed on the specific needs of the Body-in-White design engineers, see section 5.6.
This procedure, based on a previously developed series of data gathering techniques in
section 4.6, is computational and provides a holistic method for arriving at a Joining
Technique selection for the Body-in-White design concept under scrutiny that will be
optimal in terms of manufacturing costs and compliance with technical and economic
boundary conditions, section 5.8. The procedure thus developed constitutes the primary
component of the overall methodology for estimating the manufacturing cost of a BIW
design concept.

Accordingly the following sub-objectives were defined:

Sub-objective 1: To develop a definition of the Body-in-White Working Content as the

mathematical unit for the above mentioned procedure.
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The definition and use of the Working Content unit in the Early Phase of the design
process is carried out in sections 4.6.1, 4.6.5, 2.3.2 and 2.4. The Working Content unit is
primary mathematical parameter for the computation of the optimal Joining Technique
combination. It will also facilitate data exchange between the design, planning and
finance departments all of which are centrally involved in the design process, see
section 2.4.1.

Sub-objective 2: To establish a mathematically definable connection between Working
Contents and Joining Techniques.

This objective is realised in section.4.6.1, where, in Table 4.1, the pertinent coefficients
are listed. The fundamental reasoning is that while a Working Content is a natural unit
of work, e.g. the gluing of two Joining Sides 50 millimetres in length, the amount of
work involved in every joining, in every natural unit of work, can be expressed as an
integral or fractional multiple of the simplest and quickest of all, namely one spot weld
of steel to steel, see section 4.6.1.1. This, therefore, is the standardised Working
Content, the unit of work, the standard measure that permits an arithmetical treatment of
all other Working Contents.

Sub-objective 3: To collect raw data and put them into a form that will make them
serviceable for the development of the methodology sought.

The industrial survey collects, analyses and organises technical and economic data
required for the development of the Joining Technique selection procedure and hence of
the overall cost estimation methodology, see section 4.6. These data are contained in:
the Standardised Working Content Coefficients table, see section 4.6.1.1, matrix of
approved Joining Techniques and material combination, see section 4.6.2; Complexity
Sheets, see section 4.6.3; Joining Technique cost templates, see section 4.6.4; and

Joining Technique — Joining Side matrix, see section 5.2.4 and Table 5.1.

The research project has sufficiently fulfilled its aim, hypothesis and objectives. They
were satisfied by the steps of the literature review, industrial survey, development of the

cost estimating method and the carrying out of the industrial case study.
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7.4 Limitations of the Method

The design and implementation of the research methodology is attended by some
limitations that could affect results. The section begins with the field of application,
continues with the application period and closes with the capability of estimated results

to which the methodology leads.
7.4.1 Field of Application

An element of limitation concerns the scope of the research methodology. As mentioned
in the introduction of the thesis, see section 1.3.4, the research scope is addressed to the
OEM Body-in-White engineers of the automotive industry. For this purpose the
boundaries of application for the developed and validated methodology are designed for
the specific application range 100,000 — 200,000 BIW units per year over a production
period of seven years. This range represents an average production cycle for a medium-
sized vehicle. Cost estimation out of this range requires an adjustment of the technical
and economic terms. The application of the methodology outside of the automotive
industry with companies involved in forms of production comparable to that of BIW,
like shipbuilding, aircraft and railway construction have not been carefully examined

because of the time scope of the doctoral programme.
7.4.2 Application Period

Additionally to the application field, the period of application of the research
methodology within the automotive Product Development Process is of critical
importance. The developed estimation methodology provides proper results from the
concept phase of the preliminary work phase of the automotive Product Development
Process. From this phase, on through the series development phase, and continuing until
the Start-of-Production of the Product Development Process phase, reliable cost
estimation of a new Body-in-White design concept is feasible but not necessary because
traditional cost calculation systems are available. Earlier cost estimation within the
strategy and initial phase of the Product Development Process cannot be supported by

the methodology because of the lack of consistent data in these phases.
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7.4.3 Capability of the Estimated Results

Because of the lack of consistent data in the Early Phase of the Product Development
Process, the estimation methodology cannot provide precise manufacturing cost results
for new Body-in-White design concepts. This cannot be done until the data required for
traditional cost calculation have become available. The methodology provides only
relative cost estimates of Body-in-White design concepts. Such estimates are of use
only at the concept phase of the Product Development Process and help in the choice of
new design concepts. On the basis of the research aim, it is not of critical importance to
calculate the exact future manufacturing cost; rather it is important to provide the Body-
in-White designer with a good comparative estimate of manufacturing cost in the
preliminary work phase.

The above mentioned limitations provide a framework for the applicability of the
developed methodology. The context in which the estimation methodology provides its
support is that of Body-in-White design. Some of the limitations of the research
programme provide opportunities for future research considered in the following

section.

7.5 Further Research

The work on BIW cost estimating is a complex and challenging research area, which
leaves many interesting possibilities for future work. This section examines areas that
require further research to improve application of the cost estimate methodology. It
starts by a) outlining opportunities for enhancing the user-friendliness of the
methodology, b) gives a direction to further testing, c) expand the field of application,

d) expand the application period and e) improve the capability of the estimated results.
7.5.1 Opportunities for enhancing the cost estimation methodology

A further area for research would be to develop a customised software tool that
combines all previously developed methods and data of the cost estimation
methodology, see section 4.6 and section 5.8. This would automate the cost estimation
process. On the basis of this requirement, several sub-methods could additionally be

expanded.

196



Cranfield University

Chapter 7: Discussion, Conclusions and further Research

7.5.2

For the cost estimation process the research methodology requires certain
technical and economic data tables, see section 4.6.2 to section 4.6.4 and Figure
5.10. Concern with accuracy requires that these data be continually updated; a
tool could be developed to insure that they are.

One fundamental stage of the estimation methodology requires the data transfer
of the Joining Side properties from all Joining Sides of a calculated Body-in-
White design concept into the basic source matrix, see Figure 5.10 and Table
6.4. A software tool connected to the interface of the CAD tool is needed to
simplify the data transfer while preventing error. This tool would significantly
shorten the processing time of the cost estimation procedure.

During the development of the optimal Joining Technique selection, the Joining
Side coefficient was incorporated into the methodology, see section 4.6.3. This
coefficient has been ranked into three grades of weighting. Subsequent research
would have to improve on the weighting coefficients for a more precise
ascertainment of the complexity level of a given Joining Side. Such a continual
improvement would increase the accuracy of the optimal Joining Technique
selection finding.

During the Industrial Case Study the Capital Budgeting Problem calculation
process was calculated manually, see section 5.6.3.1 and section 6.2.2.2. A
customised software tool would automate the calculation process and reduce the

possibility of human error.

Opportunities for further testing

It is believed however, that the methodology can be enhanced further through more case

studies researching. This would extend the generalisation and give added validity to the

case research. Within the time available only a limited effort could be made to

understand the long-term impact of the methodology, to evaluate the application of the

entire methodology. Further evaluation will provide greater familiarity with the

methodology and may lead to further refinement.

For this purpose additional testing of more complex Body-in-White design concepts,

see Figure 6.1, with increased technical and economic interdependencies within the

automotive industry would have to be carried out.
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7.5.3 Expansion of the field of application

Further research would be necessary into the area of manufacturing processes
comparable to that of Body-in-White, like shipbuilding, aircraft and railway
construction. This stage could lead to the result that the cost-effective designing process
could be tailored to each company’s need.

Likewise the actual application range of 100,000 — 200,000 BIW units per year over a
production period of seven years, which represents an average production cycle for a
medium-sized vehicle, could be changed or varied. Cost estimation out of this range
requires an adjustment of the Joining Technique Cost Templates and the Standardised

Working Content Coefficient.
7.5.4 Expansion of the application period

The period of application of the BIW manufacturing cost estimating method starts with
the concept phase of the preliminary work phase of the Product Development Process,
see Figure 2.3, and can be retained until commencement of the Start-of-Production
phase. Nowadays, earlier cost estimating is not possible because of the lack of
consistent data in the Initial Phase of the Product Development process. If there are
technological changes in the application of the current Product Development Process,
and if data consistency is confirmed, then the question arises whether earlier cost
estimating is possible. To decide this, the information contained in the specification data
of the new BIW design concepts must be analysed to see whether there are data
sufficient to satisfy the Source Matrix, see Figure 5.9, Figure 5.10 and Table 6.9 of the
BIW cost estimating method.

This section has examined areas for further research and development that aim to apply
the methodology to the Body-in-White designing section and to contribute to its
realisation. Whenever a new methodology is implemented, changes in the way in which

things are done become inevitable.

198



Cranfield University

References

References

Allen, A. J. and Swift, H. G. (1990): Manufacturing Process Selection and Costing,
proceedings of the Institution of Mechanical Engineers Part B — Journal of Engineering
Manufacture, Vol 204, no2, p. 143-148.

Alloway, R. M. (1977): Research and Thesis Writing using Comparative Cases,
Institute of International Business, Stockholm, Sweden.

Ansgar, L., Blount, G. N. (1998): Influence of KBE on the aircraft brake industry.
Aircraft Engng Aerospace Technol, 70(6), (MCB University Press, ISSN 0002-2667).
Aevelo, Y. D. and Stockton, D. J. (2007): Exploring the Application of new Data
Collection Tools and Techniques in the Development of Cost Models, Agile
Manufacturing, 2007, ICAM 2007, IET International Conference on Volume, Issue, 9-
11 July 2007, p. 3-9.

ASM Handbook (1997): Welding, Brazing and Soldering, Volume 6, 11" Edition,
ISBN 0-87170-382-3, ASM Publishers.

Avison, D. L. F. M. M. N. P. A. (1999): Action Research: to make academic research
relevant, researchers should try out their theories with practitioners in real situations and
real organizations, Communications of the ACM, 42 (1), p. 94-97.

Babbie, E. R. (1990): Science and Morality in Medicine: A Survey of Medical
Educators. Berkely, University of California Press.

Bassi, C., Bloeck, M. and Raiber, R. (1999): Erleichterter Einsatz von
Aluminiumkarosserieblech im Automobilgro3serien durch Trockenschmierstoffe,
Umformen von Aluminium im Automobilbau, Bad Nauheim, 20.05.1999, p. 92-105.
Baxter, M. R. (1995): Product Design-Practical methods for the systematic
development of new products. Design Research Centre, Brunel University (UK), p. 27.
Bechhofer, F., Elliott, B. and McCrone, D. (1984): Safety in numbers: on the use of
multiple interviewers, Sociology, Vol. 18. no. 1, p. 97-100.

Bechhofer, F., Elliott, B., McCrone, D., Kiely, R. and Stewart, R. (1999):
‘Constructing national identity: Arts & landed elites in Scotland’ Sociology, p. 515-534.

199



Cranfield University

References

Becker, J. (1988): Konstruktionsbegleitende Kalkulation mit einem Expertensystem,
in Scheer, A.-W. (HRSG.) [Integ. Informationsverarbeitung., 1988]: Rechnungswesen
und EDV: Integrierte Informationsverarbeitung, Physica, Heidelberg, p. 136-155.
Becker, J. (1993): Entwurfs- und konstruktionsbegleitende Kalkulation, in: KRP
(Kostenrechnungspraxis), o. Jahrgang (1993), p.353-358.

Becker, J. and Prischmann, M. (1994): Konstruktionsbegleitende Kalkulation mit
neuronalen Netzen, in: KRP (Kostenrechnungspraxis), o. Jahrgang (1994)3, p.167-171.
Beenken, H. (2003): Optimised Joining Techniques: a must for automotive designs
using advanced multiphase steels, Thysen Krupp Techforum, December 2003,
Diisseldorf, Germany.

Beitz, W., Birkhofer, H. and Pahl, G. (1992): Konstruktionsmethodik in der Praxis,
in: Konstruktion, 44 (1992) 12, p. 391-397.

Bellman, R. E. (1957): ’Dynamic Programming’, Princeton University Press,
Princeton, New Jersey.

Bellman, R. E. and S. E. Dreyfus (1962): ‘Applied Dynamic Programming’, Princeton
University Press, Princeton, New Jersey.

Bennett, R. (1991): “How is Management Research Carried Out?,” in: Smith, N. C.,
and Dainty, P. (eds.), The Management Research Handbook, Routledge, London (UK).
Bignell, V. G. M. (1991): Structure and design of manufacturing systems:
manufacturing — a transformation, The Open University, Milton Keynes (UK).

Blaikie, N. (1991): A Critique of the use of triangulation is social research, Quality and
Quantity, Vol. 25, p. 115-136.

Blaxter, L., Hughes, C. and Tight, M. (1996): How to research, Open University
Press, Buckingham (UK).

Bloch, C. (1996): Emotions and discourse, Human Studies, p. 323-341.

Bock, M., Bock, R. and Scheer, A.-W. (1990): Expertensysteme zur
Konstruktionsbegleitende Kalkulation, p. 576.

Boeman, R. G., Nancy, L. J. (2002): ‘Development of a Cost Competitive, Composite
Intensive, Body-in-White’, Society of Automotive Engineers, Inc., 2002-01-1905.
Bokhari, N. (1995): Self-Piercing Riveting: process and Equipment, Welding and
Metal Fabrication (63) 1995, p. 186 -188.

200



Cranfield University

References

Bonin, A. (1993): Konstruktionsbegleitende Kalkulation, in: Scheer, A.-W. (HRSG.)
[Controlling, 1993]: Rechnungswesen und EDV: Controlling bei flieBenden
Unternehmensstrukturen, Physica, Heidelberg, p. 197-218.

Bonoma, T. V. (1985): Case Research in Marketing: Opportunities, Problems, and a
Process, Journal of Marketing Research, The Marketing Edge, New York.

Boothroyd, G. (1988): Estimate Costs at an Early Stage, American Machinist, August
Issue, p. 54-57.

Boothroyd, G., Dewhurst, P. and Knight, W. A. (1994): Product Design for
Manufacturing and Assembly, Marcel Dekker, Inc., USA.

Bralla, J. G. (1986): Handbook of Product Design for Manufacturing, McGraw-Hill,
New York.

Bronner, A. (1992): Methodik und Instrumente der entwicklungs- und
konstruktionsbegleitenden  Kalkulation, in: Minnel, W. [1992): Kongress
Kostenrechnung 92, Tagungsband, Lauf an der Pregnitz.

Bronsvoort, W. F., Jansen, F. W. (1994): Multi-view feature modelling for design and
assembly. In Advances in Feature Based Manufacturing, 1994, Ch. 14, p. 315-329.
Bryman, A. (2001): Social research methods, Oxford University Press, Oxford (UK).
Burns, R. B. (2000): Introduction to research methods, 4™ edition. SAGE Publications
Ltd., London (UK).

Busch, J. (1994): Cost Modelling as a technical management tool, Research
Technology Management, Nov/Dec, p. 50-56.

Busch, W. (1999): Relativkostenkataloge, in: Kostenbewufites Entwickeln und
Konstruieren, Edmund Gerhard, Band 380, Konstruktion, Expert Verlag GmbH, 71272
Renningen-Malsheim, Germany, p. 257.

Cannell, C. F., Miller, P. V. and Oksenberg, L. (1981): ‘Research on interviewing
techniques’, in S. Leinhardt (ed.) Sociological Methodology 1981, Jossey - Bass, San
Francisco, p. 389-437.

Capra, F. (1982): The turning point, Wildwood House, London (UK).

Chalos, P. (1992): Managing cost in today’s manufacturing environment. Cited in:
Bendall, D. et.al (1999). Development of Airframe engineering CERs for military

aerostructures. Msc group project. Cranfield University (UK).

201



Cranfield University

References

Chapman, C. B. and Pinford, M. (2000): The application of knowledge based
engineering approach to the rapid design and analysis of an automotive structure,
Warwick Manufacturing Group, University of Warwick, Advances in Engineering
Software 32 (2001), p. 903-912.

Checkland, P. (1978): the origins of nature and ‘hard’ systems thinking. Journal of
applied systems analysis, 5 (2), p. 99-110.

Checkland, P. (1988): Soft systems methodology: an overview. Journal of applied
systems analysis, 15, p. 27-30.

Checkland, P. (1994): Systems Thinking, Systems Practice, John Wiley & Sons, New
York.

Clark, J. (2002): ‘Steel versus Aluminium: Cost Comparison’, MIT Technology
Review, Material Systems Lab and typical market information.

Clark, K. B. and Fujimoto, T. (1991): Strategy, Organization and Management in the
World Auto Industry, Product Development Performance, Harvard Business School
Press, Boston, Massachusetts, p. 9.

Clark, J. P., Roth, R. and Field, F. R. (1997): Techno-Economic Issues in Material
Science, ASM Handbook Vol. 20, Material Selection and Design, ASM International,
Material Park, Ohio, USA.

Clearfield, H. M, McNamara, D. K., and Davis, G. D. (1995): Adherent Preparation
Surface Preparation of Metals, Engineered Materials Handbook, Vol 3: Adhesives and
Sealants, ASM International.

Cokins, G. (1998): ABC can spell a simpler, coherent view of costs, Computing
Canada, Sep. 1.

Cole, G., Glove, A., Jeryan, R. and Davies, G. (1997): Steel World 2 (1) (1997) 75-
83. [2] A. Morita, Aluminium alloys for automobile applications.

Cooper, R. (1988): The rise of Activity Based Costing, Journal of Cost Management,
Volume 2, p. 45-54.

Cooper, R. and Kaplan, R. S. (1998):"How cost accounting distorts product costs”.
Management Accounting 1998; 69 (10), pp. 20-27.

Craig, M. (1992): “Controlling the Variation”, Manufacturing Breakthrough, Vol. No.
6, pp. 343-8.

202



Cranfield University

References

Crozier, P. and Guenov, M. (1994): Concurrent conceptual design and cost
estimating. Transactions of 13" International Cost Engineering Congress, London.
Crow, M., Hannoyer, F., Hong, M-F., Schuler, J. (1999):’Reintroducting...Passat
14°, Presentation 17.March 1999, pp.5-7.

Czaja, R., Blair, J. (1996): Designing Surveys — A Guide to Decisions and Procedures.
Pine Forge Press, Thousand Oaks, California.

Dantzig, G. B. (1963): ’Linear Programming and Extensions’, Princeton University
Press, Princeton, New Jersey.

DeCicco, J. M. (2005): “Steel and Iron Technologies for Automotive Lightweighting”,
Environment Defense, March 3, 2005.

Dertouzos, M. L., Lester, R. K. and Solow, R. M. (1989): MIT Commission on
Industrial Productivity, Made in America, Cambrige, MA: MIT Press.

Deutsches Institut fiir Normung und Beitz, W. ef al. (1987): Kosteninformation zur
Kostenfritherkennung; Handbuch fiir Entwickler, Konstruktion und
Arbeitsvorbereitung, Beuth Verlag, Berlin, Koln.

Dexler, L. (1970): Elite and specialized interviewing. Evanston, IL Northwestern
University Press.

Dickinson, D. W. (1981): Welding in the Automotive Industry, Committee of Sheet
Steel Producers, American Iron and Steel Institute, Washington, D. C., USA.

DiPietro, F. A. (2005): ‘Laser-a Golden Opportunity’, Management Briefing Seminars,
University of Michigan.

Dressler, B. (2003): Kostenbewertung von Rohbauentwicklungskonzepten im
Automobilbau, Forschungsbericht, Verein Deutscher Ingenieuree Reihe 3, Diisseldorf.
Eagar, T. W. (1992): Resistance Spot Welding: A Fast Inexpensive and Deceptively
Simple Process, International Science and Technology, S. A. David and J. M. Vitek,
Eds., ASM International, Materials Park, Ohio, USA.

Eaglesham, M. A. (1998): A Decision Support System for Advanced Composites
Manufacturing Cost Estimation, PhD thesis Virginia Polytechnic Institute and State
University, Blacksburg, Virginia.

Easterby-Smith, M., Thorpe, R. and Lowe, A. (1991): Management Research: An
Introduction, SAGE Publications Ltd., London (UK).

203



Cranfield University

References

Easterby-Smith, M., Thorpe, R. and Lowe, A. (2001): Management Research: An
Introduction, nd Edition, SAGE Publications Ltd., London (UK).

Eberle, P. and Heil, H.-G. (1999): Relativkosten-Informationen fiir die Konstruktion,
in: KRP (Kostenrechnungspraxis) , o. Jahrgang (1999).

Edwards, J. (1985): ‘Models and Algorithms’, in: Managing with Operational
Research, University of Aston, edited by John Kidd, Philip Allan Publishers Limited.
Egglin, T.K., Feinstein, A.R. (1996): Context bias: a problem in diagnostic radiology.
JAMA 1996; 276:1752-1755.

Ehrlenspiel, K. (1981): Wehret den Anfingen! MaBnahmekatalog zur Senkung von
Herstellkosten durch die Konstruktion, in: Konstruktion & Design, p.22-27.
Ehrlenspiel, K. (1985): Kostengiinstiger Konstruieren, Springer Verlag, Berlin et al.
Ehrlenspiel, K. (1992): Produktkosten - Controlling und Simultaneous Engineering, in:
Horvath, P. Herausgeber [Controlling, 1992]: Effektives und schlankes Controlling,
Schiffer-Poeschel Verlag, Stuttgart.

Ehrlenspiel, K., Lindemann, U. (2005): Kostengiinstig Entwickeln und Konstruieren,
Kostenmanagement bei der integrierten Produktentwicklung, Springer Verlag, Berlin.
Ehrlenspiel, K. and Pickel, H. (1996): Konstruieren kostengiinstiger Gussteile —
Kostenstrukturen, Konstruktionsregeln und Rechneranwendungen (CAD), in
Konstruktion, 38(1996) 6, p. 227-236.

Ehrlenspiel, K., Kiewert, A. and Lindemann, U. (2000): Kostengiinstig Entwickeln
und Konstruieren, Springer Verlag Berlin Heidelberg, p. 13.

Ehrlenspiel, K., Kiewert, A., Lindemann, U. and Hundal, M. S. (2006): Cost-
Efficient Design, Springer Verlag Berlin.

Eisner, E. (1979): Recent developments in educational research affecting art education.
Art Education, p. 12-15.

Elliot, A. C., Wright, I. C. and Saunders, J. A. (1998): Successful NPD in
Engineering Design: Meeting Customer Needs. In: Proceedings EDC (Engineering
Design Conference) '98. Bury St Edmunds: Professional Engineering Publishing, p.
391-398.

204



Cranfield University

References

Emblemsvag, J. and Bras, B. (1994): Activity-based Costing in Designing for Product
Retirement, Proc. 1994 ASME design technical Conference, DE-Vol. 69-2 (Gilmore B.
et. al., eds), ASME (1994), p. 351-362.

Esawi, A. M. K. and Ashby, M. F. (1998): Cost based Ranking for Manufacturing
Process Selection, Proceedings, 2" International Conference on Integrated Design and
Manufacturing in Mechanical Engineering IDMME 98), Compiegne, France.

Esawi, A. M. K. and Ashby, M. F. (2003): Cost estimates to Guide Pre-selection of
Processes, Mechanical Engineering Department, The American University in Cairo,
Enginerring Design Centre, Cambridge University Engineering Department.

EWI (Edison Welding Institute) (1995): Insights: EWI Materials Joining Newsletter.
Faszination Stahl (2008): Schlankheitskur, Innovativer Einsatz von Tailored Blanks, 1.
Ausgabe 2008, Heft 14, www.stahl-info.de, p.7

Field, F. R. and de Neufville, R. (1988): Material Selection — Maximising Overall
Utility, Metals and Materials, June issue, p. 378-382.

Fischer, J., Koch, R. and Schmidt-Faber, B. (1992): Konstruktionsbegleitende
Prozesskostenprognose fiir den Produktlebenszyklus, in: Computer Integrated
Manufacturing (CIM) -Management, p.57-65.

Flick, U. (2002) : An introduction to qualitative research, 2" edition. SAGE, London.
Floyd (Jr.), F. J. (1993): Survey Research Methods — Second Edition. SAGE
Publications Ltd. Inc., Newbury Park, California.

Fontana, A. and Frey, J. (1994): ‘Interviewing: the art of science’, in N. Denzin and
Y. Lincoln (eds.), The handbook of Qualitative Research, SAGE Publications Ltd.,
Thousand Oaks, California.

Franz, K.-P. (1992): Kostenorientierte Konstruktion und Entwicklung mit Hilfe der
Prozesskostenrechnung, in: THEXIS, 9(1992) 1, p. 36-39.

Friedrich, H., Kopp, J. and Stieg, J. (2003):’Composites on the Way to Structural
Automotive Applications’, Volkswagen AG.

Gahr, A., Lindemann, U. (2004): Ein methodischer Ansatz zur induzierten
Kostenkalkulation individualisierter Produkte. In: Meerkamm, H. (Hrsg.): 15.
Symposium “Design for X*, Neukirchen, 14.-15. Oktober 2004, p. 159-168.

205



Cranfield University

References

Gahr, A., Lindemann, U., Saltykov, A. (2004): Implementation of Target Costs in
Mass Customization design processes. In: Marjanovic, D.: International Design
Conference-Design 2004 Dubrovnik (Croatia), p.1027-1032.

Garson, D. G. (2002) : Guide to writing empirical papers, theses, and dissertations,
Marc Dekker, Inc., New York.

Gauthier, M. M. (1990): Sorting Out Structural Adhesives, Advanced Materials and
Processes, p. 26.

Gerhard, E. (1994) : Kostenbewulites Entwickeln und Konstruieren, Grundlagen und
Methoden zur Kostenbestimmung und Kostenabschitzung wihrend eines entwicklungs-
und herstellkostenorientierten Vorgehens, Band 380, Konstruktion, Expert Verlag,
Renningen-Malsheim, Germany.

Gerson, K. and Horowitz, R. (2002): Observation and interviewing: options and
choices in qualitative research, In: May, T., Qualitative research in action, SAGE
Publications Ltd., London (UK).

Gill, J. and Johnson, P. (1991): Research Methods for Managers, Paul Chapman
Publishing Ltd., London (UK).

Gill, J. and Johnson, P. (1997): Research Methods for Managers, 2" Edition, Paul
Chapman Publishing Ltd, London (UK).

Golden, B. R. (1997): Further Remarks on Retrospective Accounts in Organizational
and Strategic Management Research, Academy of Management Journal, Vol. 40, No. 5,
p- 1243-1252.

Goulding, C. (2002): Grounded Theory: A Practical Guide for Management, Business
and Market Researchers, SAGE Publications Ltd., London (UK).

Groner, L. (1990): Entwicklungsbegleitende Vorkalkulation, in:
Kostenrechnungspraxis (KRP), o. Jahrgang (1990) 6, p. 374-375.

Groner, L. (1991): Entwicklungsbegleitende Vorkalkulation, Springer Verlag, Berlin,
Heidelberg, New York.

Gummesson, E. (1993): Case study research in management, Stockholm University,
Stockholm.

Gummesson, E. (1999): Qualitative Methods in Management Research, pnd Edition,
SAGE Publications Ltd., Newbury Park, California.

206



Cranfield University

References

Haasis, S. (1994): Konstruktionsbegleitende  Kalkulation = —  Beispiel:
Gussgetriebegehiuse, in: Konstruktion, 46 (1994) 2, p. 66-72.

Hadley, G. (1970): ’Nonlinear and Dynamic Programming’, Addison-Wesley
Publishing Company, Inc., London (UK).

Haller, E. (1999): Beherrschbare Arbeitsinhalte in der Gruppe, Arbeitspolitik und
Produktion, Automobil Industrie, AI 10-99, 44. Jahrgang, p. 52.

Hanicke, L. (1995): Ten Years of Experiments with High-Power Lasers in Production,
International Body Engineering Conference Proceedings, Body Assembly and
Manufacturing, IBEC Publications, Detroit, USA.

Hansen, P., Pohl, K. and Weidenhaupt, K. (1980): Relationship between methods
and judges in attitude behaviour research, Psychology, p. 17.

Hart, C. (1998): Doing a literature review, SAGE Publications Ltd., London (UK).
Hastings, N. A. J. (1973): ‘Dynamic Programming with Management Applications’,
University of Birmingham, Butterworth & Co. (Publishers) Ltd., London (UK).

Heath, A., Jowell, R., Curtice, J. and Taylor, B. (1994): “Labour’s Last Chance?”,
The 1992 Election and Beyond (Aldershot: Dartmouth, 1994).

Heil, H.-G. (1993): Die Analyse von Kostensenkungspotentialen: eine pragmatische
Methode zur Produktkostensenkung, in: Konstruktion, 45(1993)3, p.105-108.

Heller, W. and Kiewert, A. (1982): Normung und kostengiinstiges Konstruieren, in:
(Deutsche Industrie Norm) DIN-Mitteilungen, 61 (1982) 11, p. 663-668.

Hillier, F. S. and Lieberman, G. J. (1988): ‘Introduction to Operations Research’,
Stanford University, 5™ Edition, Industrial Engineering Series, McGraw-Hill Publishing
Company, London, New York, Tokio.

Hillier, F. S. and Lieberman, G. J. (1995): ‘Introduction to Mathematical
Programming’, Stanford University, 2" Edition, Industrial Engineering Series,
McGraw-Hill Publishing Company, London, New York, Tokio.

Hoegh, H. (2000): An Economy Analysis of Aluminium Sheet and Prospects for
Aluminium in the Autobody, B.S. Thesis, Massachusetts Institute of Technology.
Hoult, D. P. and Meador, C. L. (1997): Manufacturing Cost Estimating, ASM
Handbook, Volume 20, Material Selection for Design, ed. Dieter, G., ASM
International, Metals Park, Ohio, USA, P. 716-722.

207



Cranfield University

References

Hutterer, P. (2004): Was brauchen Entwickler? - Eine Betrachtung vor der
Entwicklung und Bereitstellung neuer Methoden und Tools. (Competence in Design and
Development) CiDaD News 1 (2004).

Hutton, P. F. (1990): Survey Research for Managers: How to use Surveys in
Management Decision-Making, nd Edition, MacMillan Press Ltd., London (UK), p. 11.
Ichida, T. (1996): Product Design Review-A method for error-free product
development, Productive Press, Portland, ISBN-13: 9781563270413, p. 7.

Ince, M. (2000): Information systems: a methodology for capturing user requirements.
PhD. Cranfield University (UK).

Irving, B. (1995): Building Tomorrow’s Automobiles, Welding Journal ; VOL. 74 ;
ISSUE: 8 ; PBD: Aug 1995, p.29.

Jackson, M. (1982): The nature of ‘soft’ systems thinking: the work of Churchman,
Ackoff and Checkland. Journal of applied systems analysis, p. 17-29.

Jain, A. (1997): An Analysis of Automotive Body Assembly Technologies and Their
Implications in Lightweight Vehicle Development Thesis, Massachusetts Institute of
Technology, Massachusetts, USA.

Jehle, E. (1994): Kostenfriiherkennung und Kostenfrithkontrolle: Mitlaufende
Kalkulation wihrend des Konstruktions- und Entwicklungsprozesses, in: Kortzfleisch,
G. von, Kaluza, B. (HRSG.) [Problemfelder, 1994]: Internationale und nationale
Problemfelder der Betriebswirtschaftslehre, Duncker & Humblot, p. 263-285.

Jenkins, M. A. (1991): Research Methodologies and MIS Research. In: Mumford, E.,
Hirschheim, R., Fitzgerald, G., Wood-Harper, T.; Research Methods in Information
Systems. Elsevier Science Publishers B. V., North Holland.

Johnson, C. F. and Rudd, C. D. (2004): Manufacturing process selection for
composite components. In: Kelly, A., Zweben, C. editors. Comprehensive composite
materials, p. 1049-1072.

Jones, L. (1978): The conflicting views of knowledge and control implied by different
systems approaches. Journal of applied systems analysis, 5 (2), p. 143-147.

Kalpakjian, S. (2001):’Manufacturing Engineering and Technology’, 4™ edition,
Addison-Wesley, Reading, Massachusetts, USA.

208



Cranfield University

References

Kekre, S., Starling, S., Therani, M. (1999): Feature based cost estimation in design.

http://barney.sbe.csuhayward.edu/sstarling/starling/working?2.htm (accessed 2om

February).

Kelker, A. (2001): Analysis of Aluminium in Auto Body Designs and its Strategic
Implications for the Aluminium Industry, PhD Thesis, Massachusetts Institute of
Technology.

Kelker, A., Roth, R. and Clark, J. (2001): Automobile Bodies: ‘Can Aluminium Be
an Alternative to Steel?’, Journal JOM 53 (8) (2001), p.28-32.

Kirk, J. and Miller, M. L. (1986): Reliability and Validity in Qualitative Research,
SAGE Publisher, Beverly Hills.

Kjellen, B. and Soderman, S. (1980): Praktikfallsmetodik, SIAR/Liber, Malmo
Puplications, Sweden.

Kvale, S. (1996): InterViews: ‘An introduction to qualitative research interviewing’,
SAGE Publications Ltd., Thousand Oaks, California.

Levin, R. I. and Kirkpatrick, C. A. (1982): ‘Quantitative Approach to Management’,
5" Edition, University of North Carolina, McGraw-Hill Book Company.

Lindemann, U. (1990): Systematische Betrachtung des Konstruktionsprozesses unter
besonderer Beriicksichtigung der Herstellkostenbeeinflussung beim Festlegen der
Gestalt, Forschungsbericht, (Verein Deutscher Ingenieure) VDI Reihe 1, Nr.60,
Diisseldorf.

Manson, J.-A. E., Wakeman, M. D., Bemet, N. (2000): Composite processing and
manufacturing — an overview. In: Kelly, A., Zweben, Carl, H. editors. Comprehensive
Composite Materials, vol. 2, ISBN: 0080429939, p. 577-607.

Mantwill, M., Kohnken, G. and Aschermann, E. (1995): Effects of the Cognitive
Interview on the Recall of Familiar and Unfamiliar Events, Journal of Applied
Psychology, 80, p.68-78.

Marshall, C. and Rossman, G. B. (1989): Designing qualitative research, SAGE
Publications Ltd., Newbury Park, London (UK).

Marshall, C. and Rossman, G. B. (1999): Designing qualitative research, SAGE
Publications Ltd., Newbury Park, London (UK).

Maylor, H. (1996): ‘Project Management’, Pitman Publishing, London.

209



Cranfield University

References

McCleary, S., Hulting, F. (1995): Weldbonding of Aluminium Automotive Body
Sheet, Society of Automotive Engineers, Warrendable, Technical Paper.

McCrone, D., Stewart, R., Kiely, R. and Bechhofer, F. (1998): ‘Who are we?:
problematising national identity’, Sociological Review, 46, 4, p. 629-652.

McKie, L. (2002): Engagement and evaluation in qualitative inquiry. In: May, T., (Ed.).
Qualitative research in action, SAGE Publications Ltd., London (UK).

Meisl, C. (1988): Techniques for Cost Estimating in Early Program Phases.
Engineering Costs and Production Economies, pp. 95-106.

Miller, C. C., Cardinal L. B. and Glick W. H. (1997): Retrospective Reports in
Organizational Research: A Re-examination of Recent Evidence, Academy of
Management Journal, Vol.40, p. 189-204.

Miller, W. S., Zhuang, L., Bottema, J., Wittebrood, B., De Smet, P., Haszler, A.
and Vieregge, A. (2000): Recent development in aluminium alloys for the automotive
industry, Materials Science and Engineering A280, p. 37-49.

Mingers, J. (1984): Subjectivism and soft systems methodology: a critique. Journal of
applied systems analysis, 11, p. 85-103.

Moerman, P., De Bleser, B. (1995): Longtime Production Experience with High
Power CO, Lasers in Body Shop, International Body Engineering Conference
Proceedings, Body Assembly and Manufacturing, IBEC Publications, Detroit, USA.
Morita, A. (1998): Aluminium alloys for automobile applications, in: Proc. Of ICAA-6
(international Conference of Aluminium Alloys), Japan, Kobayashi, T. and Toda, H., 5-
10 July 1998, in: Aluminium Alloys, Vol. 1, p. 25-32.

Munn, P. and Drever, E. (1990): Using Questionnaires in Small-Scale Research,
Scottish Council for Research in Education, Edinburgh.

Nagy, S. M. (1994): An Investigation of the Challenges and Costs Associated with a
High Volume All Aluminium Body Shop, M. S, Thesis, Massachusetts Institute of
Technology, Massachusetts, USA.

Newman, R., Tovey, M. and Porter, S. (2002): Sketching, concept development and
automotive design, School of Mathematical and Information Sciences, Coventry,

Design Studies 24 (2003), p. 135-153.

210



Cranfield University

References

NiBl, A. and Lindemann, U. (2004): Reaching the Cost Target — Current Status in
SMEs.In: Marjanovic, D. (Ed.): International Design Conference — Design 2004
Dubrovnik, 18.-21. May 2004. p. 883-888.

Norrish, J. (1992): Advanced Welding Processes, Institute of Physics Publishing,
Bristol, U.K.

Oakley, M. (1993): Managing Design: Practical Issues. In: Roy, R. and Wield, D.,
Product Design and Technological Innovation, Open University Press.

O’Brien, R. L (1991): Welding Handbook, English Edition, Vol. 2; Welding Processes,
American Welding Society, Miami, USA.

Ogunlana, S. O. (1989): Accuracy in Desihn Cost Estimating, PhD Thesis,
Loughborough University.

Oppenheim, A. N. (1992): Questionnaire Design, Interviewing and Attitude
Measurement — New Edition. Pinter Publishers Ltd., London (UK).

Oskamp, S. (1977): Methods of studying behaviour. In: Wrightsman, L. S., (ed.),
Social Psychology, 2™ Edition, Cole Publishing Company, Moneterey.

Osterwald, P. F. (1992): Engineering Cost Estimating, 3t Edition, Prentice Hall, New
Jersey, p.197-198.

Osterwald, P. F. (1998): American machinist cost estimator, Penton Educational
Division, Penton publishing.

Ou-Yang, C. and Lin, T. S. (1997): Developing an Integrated Framework for Feature
Based Early Manufacturing Cost Estimation. The International Journal of Advanced
Manufacturing Technology, 13, p. 618-629.

Pahl, G. and Beitz, W. (1993): Konstruktionslehre, 3. neubearbeitete und erweiterte
Auflage, Springer Verlag, Berlin, Heidelberg, New York.

Pahl, G. and Beelich, K. H. (1987): Ermittlung von Herstellkosten fiir @hnliche
Bauteile, in: VDI Konstruktionspraxis im Umbruch —Erfolge mit Methodik, (Verein
Deutscher Ingenieure) VDI-Berichte Nr. 347, Diisseldorf, p.155-164.

Pahl, G. and Rieg, F. (1998): Relativkostendiagramme fiir Zukaufteile:
Approximationspolynome helfen bei der Kostenabschitzung von fremdgelieferten

Teilen, in: KONSTRUKTION, 36(1984) 1, p.1-6.

211



Cranfield University

References

Parlett, M. (1976): Evaluating innovations in teaching. In: Globy, J., Greenwald, J. and
West, R., (Eds.). Curriculum design, Croom Helm and the Open University Press,
London (UK).

Parmley, R. O. (1989): Standard Handbook of Fastening and Joining, McGraw-Hill
Publishing.

Patton, M. Q. (1987): How to use qualitative methods in evaluation, SAGE
Publications Ltd., London (UK).

Patton, M. Q. (1990): Qualitative research and evaluation methods, 2" Edition, SAGE
Publications Ltd., Thousand Oaks, California.

Patton, M. Q. (2002): Qualitative research and evaluation methods, 3" Edition, SAGE
Publications Ltd., Thousand Oaks, California.

Pfestorf, M., Van Rensburg, J. (2006), Improving the Functional Properties of the
Body-In-White with Lightweight Solutions Applying Multiphase Steels, Aluminium
and Composites, SAE Transactions: Journal of Materials & Manufacturing, vol. 115,
no. 2006 Transactions, p. 857-866.

Pickel, H. (1989): Kostenmodelle als Hilfsmittel zum kostengiinstigen Konstruieren,
Hanser Verlag, Miinchen, Wien.

Popper, K. R. (1994): ’ Alles Leben ist Problemlosen’, nd Edition, Piper, Miinchen.
Popper, K. R. (1996): ‘Wissenschaftslehre in entwicklungstheoretischer und in
logischer Sicht (1972)’, In: Alles Leben ist Problemlosen, 31 Edition, Piper, Miinchen.
Pugh, P. (1992): Working Top-Down: Cost Estimating Before Development Begins.
Journal of Aerospace Engineering, Part G, Vol. 206, pp. 143-151.

Rieg, F. P. (1992): Kostenwachstumsgesetze fiir Baureihen, Dissertation, Technische
Hochschule Darmstadt.

Robson, C. (1993): Real World Research — A Resource for Social Scientists and
Practitioner Researchers, Blackwell Publisher Ltd., Oxford (UK).

Robson, C. (1995): Real World Research, Blackwell Publisher Ltd, Oxford (UK).
Robson, C. (2002): Real World Research, 2" edn. Blackwell Publisher Ltd. (UK).
Rothman, K. J. (2002): Biases in study design. In: Epidemiology: an introduction.
New York, NY: Oxford University Press, p 94-112.

212



Cranfield University

References

Roy, R., Kelvesjo, S., Forsberg, S. and Rush, C. (2000): Risk analysis of parametric
cost estimates within a concurrent engineering environment. Proceedings, 7™
International Conference on Concurrent Engineering, University Lyon 1, France, July
17-20™.

Roy, R., Kelvesjo, S., Forsberg, S. and Rush, C. (2001): Quantitative and Qualitative
Cost Estimating for Engineering Design. Journal of Engineering Design, 12(2), p. 147-
162.

Roy, R. and Rush, C. (2001): Expert Judgement in Cost Estimating: Modelling the
Reasoning Process. Concurrent Engineering; Vol. 9, No. 4, Sage Publications, p. 271-
284.

Rubin, I. and Rubin, J. R. (1995): Qualitative interviewing: the art of hearing data,
SAGE Publications Ltd., Beverly Hills.

Rush, C. and Roy, R. (2001): Expert Judgement in cost estimating: Modelling the
reasoning process, Concurrent Engineering: Research and Applications (CERA)
Journal. 9, 4.

Saito, M., Iwatsuki, S., Yasunaga, K., Andoh, K. (2000): Development of aluminium
body for the most fuel efficient vehicle, JSAE Review 21(2000) Elsevier, p. 511- 516.
Saunders, M. N. K., Lewis, P. and Thornhill, A. (2002): Research methods for
business students, 3 Edition, Financial Times Prentice Hall, Harlow, England.

Sawyer, C. A. (1995): Ford’s AIV Program: Automotive Industries, p. 77.

Scamans, G. (2007): “Aluminium- from Cans to Cars”, Materials World, May 2007,
pp-28-30.

Schaal, S. (1992): Integrierte Wissensverarbeitung mit CAD am Beispiel der
konstruktionsbegleitenden Kalkulation, Hanser Verlag, Miinchen, Wien.

Scheer, A.-W. (1990): Neue Perspektiven der Kostenrechnung durch CIM, in: Ménnel,
W. (HRSG.) [Kostenrechnung ,90, 1990]: Kongress Kostenrechnung “90, Tagungsband,
GAB, Lauf an der Pegnitz, p. 231-256.

Scheer, A.-W. (1995): Einfiihrung von Vorkalkulationen in CAD-Systemen, in: Kilger,
W., Scheer, A.-W. (HRSG.) [Personal Computing, 1995]: Rechnungswesen und EDV:
Personal Computing, Kostenrechnung und Controlling, Forschung und Entwicklung, 6.

Saarbriickener Arbeitstagung, Wiirzburg, Wien: Physica, p. 241-273.

213



Cranfield University

References

Scheer, A.-W., Becker, J. and Bock, M. (1988): Ein Expertensystem zur
konstruktionsbegleitenden Kalkulation, in: Gollan, B., Paul, W. and Schmitt, A.
(HRSG.) [Informationsinfrastrukturen, 1988]: Innovative Informationsinfrastrukturen,
Kompendium zum III. Forum Saarbriicken, Springer Verlag, Berlin, p. 236-254.
Scheer, A.-W., Bock, M. and Kraemer, W. (1991): CIM-spezifische Entwicklung von
Kosteninformationssystemen, in: (Kostenrechnungspraxis) KRP, o. Jg. 3, p.119-130.
Schmidt, F. (1996): Gemeinkostensenkung durch kostengiinstiges Konstruieren, Gabler
Verlag, Deutscher Universitits-Verlag, Wiesbaden.

Schrodinger, P. (2003): Kosteneinfliisse in der automobilen Rohbauproduktion,
Technische Universitit Miinchen, Germany.

Schultz, R. (2000): ’Steel for Affordable Vehicles’, WorldAutoSteel,
www.worldautosteel.org.

Schutt, R. K. (1996): Investigating the Social World — The Process and Practice of
Research. Pine Forge Press, SAGE Publications Ltd., Thousand Oaks.

Schweitzer, M. and Friedl, B. (1993): Konstruktion, in: Chmielewicz, K. and
Schweitzer, M. (HRSG.) [Handworterbuch, 1993]: Handworterbuch — des
Rechnungswesens, Band 3, 3. Auflage, Schiffer-Poeschel, Stuttgart.

Scott, C. E. (1995): Material and Techniques 10-11 (1995), p. 21-27.

Scott, J. (1990): A matter of Record, Documentary Sources in Social Research, Polity,
Cambridge (UK).

Shamblim, J. E. and Stevens, G. T. (1974): ‘Operations Research’, McGraw-Hill
Company.

Shaw, 1. (1999): ‘Qualitative evaluation’, Vol. 1, SAGE Publications, London (UK).
Shetty, D. (2002): Design for product success, Society of Manufacturing Engineers,
2002 Fine H., Library of congress Dupl. Item # 027788, p. 1.

Shin, Y. S., Kim, H. Y., Jeon, B. H. and Oh, S. L. (2002): Prototype tryout and die
design for automotive parts using welded blank hydro forming, Kangwon National
University, South Korea, Journal of Material Processing Technology 130, p. 121-127.
Sica, G. T. (2006): Bias in Research Studies, Radiology: Volume 238: Number 3 —
March 2006, from Harvard Vanguard Medical Associates, Boston, Mass. Received June

23, 2004; revision requested August 11; revision received August 22; final version

214



Cranfield University

References

accepted January 21, 2005; updated August 29. Woodhull Medical Center, 760
Broadway, Brooklyn, NY 11026, p. 780-789.

Silva, J. M. V. B. (2002): Development and testing a process of enquiry to identify
relevant production planning and control procedures. PhD. Cranfield University (UK).
Smythe, W. R. and Johnson, L. A (1966): ‘Introduction to Linear Programming, with
Applications’, Georgia Institute of Technology, Prentice-Hall International, Inc.,
Englewood Cliffs, New Jersey.

Solomon, M. R. (1996): Consumer behaviour buying, having, being, Englewood Cliffs,
Prentice Hall, ISBN10: 0-13-218694-2.

Stahl, J. W. (2003): Decision Support System for the Early Phase of Automotive
Development Process, Paper for ICMR 2003 Conference, Glasgow, Sept. 2003, p. 217.
Stake, R. E. (2000): The Art of Case Study Research, SAGE Publications Ltd.,
Thousand Oaks, California, p. 76.

Staub-French, S., Fischer, M., Kunz, J. and Paulson (2002): A generic feature-
driven activity-based cost estimation process, Advanced Engineering Information, 117,
p. 23-39.

Steffen, R. (1990): Konstruktionsbegleitende Kosten-, Erlos- und Ergebnisrechnung, in
Minnel, W. (HRSG.) [Kostenrechnung’90]: Kongress Kostenrechnung90,
Tagungsband, Lauf an der Pegnitz, p. 213-230.

Steffen, R. (1991): Nutzung der Kosten- und Erlosrechnung  zur
konstruktionsbegleitenden Erlosfriiherkennung in Verbindung mit computergesteuerten
Technologien, in: Steffen, R. and Wartmann, R., [Kosten und Erlose, 1991]: Kosten und
Erlose — Orientierungsgrofen der Unternehmenspolitik, Schiffer Verlag, Diisseldorf.
Steinwachs, H. O. (1991): Kostengiinstig Konstruieren, in: Der Konstrukteur,
12(1991)9, p. 6-8.

Stodolsky, F., Vyas, A., Cuenca, R., Gaines, L. (1995):’Life-Cycle Energy Savings
Potential from Aluminium-Intensive Vehicles’, SAE 1995 Total Life Cycle Conference
and Exposition, Vienna, Austria (October 16-19, 1995).

Stockton, D. J., Forster, R., Messner, B. (1998): Developing time estimating models
for advanced composite manufacturing processes. Aircraft Engineering and Aerospace

Technology 70, 6. p.445-450.

215



Cranfield University

References

Stockton, D. J., Delgado, Y., McNeill, M. and Baguley, P. (2000): Improving the
Cost Model Development Process, Deliverables Report No. 1 EPSRC Ref. No.: GR/M
58818, De Montfort University.

Sweeney, K., Grunewald, U. (2002): The application of roll forming for automotive
structural parts, Ford Forschungszentrum Aachen, Integrated Vehicle and Production
Concepts Group, Aachen.

Swift, K. G. and Booker, J. D. (2003): Process Selection: from Design to
Manufacture, 2™ Edition, Arnold, London, UK.

Swift, K. G., Raines, M. and Booker, J. D. (1997): Design Capability and the Costs of
Failure. JD. Proc IMechE Part B - Journal of Engineering Manufacture, p. 409-423.
Symons, V. and Walsham, G. (1989): Information systems. In: Jackson; M. C., Keys,
P. and Crooper, S. A., (Eds.). Operational research and the social sciences, Plenum
Press, New York, p. 405-407.

Taha, H. A. (1992): Operations Research, An Introduction, 5t Edition, Macmillan
Publishing Company, New York, p.356.

TECABS Consortium (2002): ‘5" Framework Programme of European Community
for RTD and demonstration activities’, http://www.tecabs.org/ ,Volkswagen AG.
Thierauf, R. J. (1978): ’An Introductory Approach to Operations Research’, Xavier
University, Wiley/Hamilton Publication, New York, Toronto.

Thomas, R. (1996): Surveys. In: Research Methods — Guidance for Postgraduates.
Arnold, (edited by Greenfield, T.), London (UK).

Tranfield, D. (1983): Management information systems: an exploration of core
philosophies, Journal of applied systems analysis, p. 83-89.

Trochim, W. M. (2000): The Research Methods Knowledge Base, pnd Edition, Atomic
Dog Publishing, Cincinnati/Ohio.

Tusek, J. and Klobcar, D. (2004): Current Development Trends For Material Joining
in the Automotive Industry, Journal of Mechanical Engineering, Vol 50-2, 2004, p. 94-
103.

TWI (The Welding Institute) (1997): 